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Foreword

Cerebral Palsy and Perinatal Complications and Events: Latest Findings is written
and edited by Drs. Yoshio Matsuda, Shoji Satoh, and Keiya Fujimori. They have
been most active in the prevention of birth of children with cerebral palsy in Japan.

The greatest challenge in the perinatal field in Japan has been to prevent the birth
of children with cerebral palsy and to reduce maternal deaths. However, until around
the year 2000, no systematic nationwide effort was made to solve this problem.

In 2003, there were large number of lawsuits against the doctor in charge for
inadequate delivery assistance by parents who have a child that had given birth
developed cerebral palsy. It followed that the number of obstetricians and delivery
facilities decreased, and obstetric care faced a crisis.

The Japan Obstetric Compensation System for Cerebral Palsy, which was estab-
lished in 2009 based on the idea of the no-fault compensation system for children
with cerebral palsy, helped obstetricians in this difficult situation. The reason for
this is that the cause analysis committee of this system was a third party committee
consisting of perinatologists, neonatologists, medical lawyers, lawyers who help
patients, representatives of mass media and patients. Both patients and those in
medical field were satisfied with the results of the very fair analysis of the case, and
this system functioned well thereafter.

The analysis of the cases of children with cerebral palsy in the system was car-
ried out by an independent causal analysis committee, which examined the clinical
course of the onset of cerebral palsy and the findings of the fetal heart rate and labor
diagram for each case, covering 2457 cases collected over a 10-year period from
January 2009, the year of the system’s launch, to September 2019. This report of the
collection and causal analysis of a large number of children with cerebral palsy is
not only unprecedented in the world, but also provides valuable analytical results on
children with cerebral palsy. The results of the analysis showed that the frequency
of cerebral palsy related to medical treatment, which was the greatest concern of
obstetricians in Japan, was less than about 20% of all cases, force majeure causes
such as premature separation of the placenta accounted for about 30%, and in half
of the cases, the cause was unknown. Furthermore, it has been pointed out that the
onset of cerebral palsy in some of the unexplained cases may not have occurred
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during the course of delivery but may have already occurred during pregnancy
before delivery, hence proving this has become a new problem. Thus, the prevention
of the onset of cerebral palsy, which has been the biggest problem in the perinatal
field in Japan, has been extremely effective because the analysis of the causes and
the measures to prevent the recurrence of cerebral palsy have been made possible by
the obstetric medical compensation system.

This book covers the issues that obstetricians and pediatricians who are in charge
of pregnancy, childbirth, and postpartum should pay attention to, including the
results of research on the prevention of cerebral palsy due to persistent hypoxia
related to childbirth, focusing on the obstetric medical compensation system. It is of
the highest international, scientific, and clinical relevance. It is therefore recom-
mended that all obstetricians and neonatal pediatricians in the world should have
this book at hand and be committed to the prevention of cerebral palsy.

President of Japanese Association Katsuyuki Kinoshita
of Obstetrician and Gynecologist

Former Chairman and Professor of

Department of Obstetrics and Gynecology,

University of Juntendo, School of Medicine

Tokyo, Japan



Foreword

Towards a comprehensive understanding of cerebral palsy.

Cerebral palsy occurs with a certain frequency in children everywhere. People
expected that the progress of obstetrics after 1960s such as fetal heart rate monitor-
ing during labor and ultrasound assessment would lead to a dramatic reduction in
the incidence of cerebral palsy. However, epidemiological evidence revealed that
this has not been the case, unfortunately. Parents often have to take care of their
children affected by cerebral palsy all day and night. Their experience would be
beyond the expected in modern society where everyone expects their babies to be
born safely and healthy. It is obvious that parents curse their unreasonable situation,
and their anger often cause lawsuit to the physician who took care of their babies’
parturition. At trial, judiciary tended to interpret the abnormalities appeared in the
fetal heart rate monitoring chart, even though observed in more than 80% of the
charts at normal delivery, as misjudgement at labor management, so that in most
cases physicians lost the suit. As a result, interventions such as cesarean sections
were performed more and more frequently, in order to avoid defeat at lawsuit. But
this did not lead to a decrease in the incidence of cerebral palsy.

“The Japan Obstetric Compensation System for Cerebral Palsy” was launched in
January 2009 and one of the aims of the scheme, which included the concept of “no
fault compensation,” was to break this vicious circle. In addition, data of cases of
cerebral palsy which met certain criteria were collected together with the medical
records during patients’ pregnancy and delivery courses. At the end of 2020, more
than 2700 cases have already been analyzed in detail by the experts of the Causal
Analysis Committee of this system. Owing to these analyses, a more detailed back-
ground and risk factors for the cerebral palsy are being revealed.

This book, Cerebral Palsy: Perspective and Clinical Relation to Perinatal
Complications/Events in Japan, brings together in one volume the basic knowledge
of cerebral palsy, including definitions and epidemiology, its diagnosis and patho-
genesis, the relationship between cerebral palsy and various perinatal complications
or risk factors. Until now, many books were published with detailed descriptions of
individual obstetrical/perinatal conditions and their relationship to cerebral palsy.
However, there have been few books that focus on cerebral palsy as the main topic

vii
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and summarize the various related events. This book provides a unified understand-
ing of obstetrics with a focus on cerebral palsy, which will not only help in the treat-
ment of various obstetric complications, but will also lead to various medical
innovations to improve the prognosis of the child. The editors of this book, Drs.
Yoshio Matsuda, Shoji Satoh, and Keiya Fujimori, have worked for many years as
members of “The Japan Obstetric Compensation System for Cerebral Palsy” and
analyzed various events related to cerebral palsy. We hope that by studying the
chapters based on the high level of expertise of these authors, we will be able to
provide safer and higher quality obstetric care for mothers and children.

Department of Obstetrics and Gynecology Tadashi Kimura
Osaka University Graduate School of Medicine
Osaka, Japan



Preface

Cerebral palsy (CP) is considered a neurological disorder caused by a non-
progressive brain injury or malformation that occurs while the child’s brain is under
development. The symptoms of CP are not usually obvious just after a baby is born.
They normally become noticeable during the first 2 or 3 years of a child’s life.
Despite the development of perinatal care, the incidence of about 2 per 1000 live
births has not changed, and this improvement is considered an important benchmark
for perinatal care, along with those of perinatal mortality and maternal mortality.

In Japan, the obstetric compensation system for CP was launched in 2009 to
provide financial compensation for children with CP, as well as to investigate the
causes and make recommendations for preventing recurrence. It has been clarified
that various causes have led to the development of CP. However, the fact that the
causes of CP are multifactorial has not yet become widely known to the public,
probably because of the long-held misconception that the majority of CP cases are
caused by “birth asphyxia.”

However, there has been no textbook describing the relationship between CP and
perinatal complications and events. We planned to publish a book that would be
useful to many doctors, including general clinicians, and would be helpful in clini-
cal practice.

The contents of this book are outlined as follows: the history, definition, and
epidemiology of CP; an introduction to the obstetric medical compensation system;
clinical diagnosis and imaging diagnosis; and, following the chronological order of
pregnancy and delivery, an introduction to all diseases and events that are currently
thought to be related to CP. We have asked experts who are actively involved in each
of these topics to write about them, and they have gladly agreed to do so. We would
like to take this opportunity to express our sincere thanks to them.

ix



X Preface

The contents of this book are even better than the editors intended, and it will
surely be a useful reference book for the improvement of obstetric management
in Japan.

The editors hope that this book will be read not only by specialists in perinatol-
ogy (obstetrics and neonatology) but also by general obstetricians, pediatricians,
midwives, and others involved in pregnancy and childbirth.

Tokyo, Japan Yoshio Matsuda
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History and Definitions

Keiya Fujimori and Shun Yasuda
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Summary

e The worldwide incidence of cerebral palsy has remained unchanged
despite advances in perinatal medicine and the increase in cesarean deliv-
ery rates and is reported to be approximately 2—2.5 per 1000 live births [1].
The etiopathogenesis of cerebral palsy was unclear until the early nine-
teenth century. Little, a British orthopedic surgeon, first suggested the role
of abnormal deliveries, including dystocia, as well as prematurity as con-
tributors to cerebral palsy and that this condition was preventable. William
Osler and Sigmund Freud, who are better known for their contributions to
other fields of medicine, also played an important role in providing insights
into the development of cerebral palsy. All the important research in the
neuropsychological domain of cerebral palsy is largely associated with the

contributions of these three researchers.

mately only 10%).

K. Fujimori (P4) - S. Yasuda

Department of Obstetrics and Gynecology, School of Medicine, Fukushima Medical
University, Fukushima City, Japan
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Recent epidemiological studies have reported that parturient asphyxia may
contribute to cerebral palsy in a relatively small number of cases (approxi-
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» To date, no study has conclusively established the superiority of fetal heart
rate monitoring in the prevention of neonatal encephalopathy, although it
has been compared with intermittent fetal heart rate auscultation.

1 History of Cerebral Palsy

Although no detailed medical descriptions of cerebral palsy are recorded before the
nineteenth century, cerebral palsy is mentioned in the Hebrew and Greek scriptures,
as well as in the New Testament [2]. The first medical description of cerebral palsy
can be traced back to “Corpus Hippocraticum” (460-390 BC), a collection of
ancient Greek medical literature associated with the physician Hippocrates and his
teachings. Hippocrates also discussed the association between prematurity, congen-
ital infections, prenatal stress, and the etiology of neonatal brain injury in his work
“Of the Eight-Month Foetus” [3]. In fact, it was not until many centuries later that
the medical community observed physical disabilities in the individuals depicted in
the paintings. Presumably, based on his characteristic appearance, Tokugawa
Teshige (1711-1761), the ninth shogun of the Tokugawa shogunate of Japan, was
considered to have had athetoid cerebral palsy [4].

The etiopathogenesis of cerebral palsy remained unknown until the early nine-
teenth century, and recent research and advances in the understanding of cerebral
palsy are primarily attributable to the work of British orthopedic surgeon William
John Little (1810-1894). Although Dr. Little himself had a physical disability, at the
Congress of Obstetrics and Gynecology held at London in 1858, he introduced the
classic definition of (spastic) cerebral palsy; Dr. Little first established that dystocia
or abnormal delivery adversely affected neonatal brain development, which resulted
in spastic contractures, bilateral paralysis, tonic convulsions, and delayed onset of
mental retardation [5]. Little was the first physician to report a direct association
between neuromuscular disorders in newborns and abnormal deliveries, neonatal
distress, and premature birth (prematurity). He also discussed the possibility that
cerebral palsy could be prevented by early management of dystocia as follows: “The
fetus, during the contractions of the uterus, ... is under extreme pressure that only
early separation from the mother can prevent injury to the frail organs of the
fetus” [2].

In addition to Dr. Little who provided historical insights into the association
between dystocia and cerebral palsy, Sir William Osler (1849-1919) and Sigmund
Freud (1856-1939) made important contributions to the understanding of this con-
dition. All important research in the field of cerebral palsy since the end of the
nineteenth century is largely attributable to the work of these three researchers.

Osler reviewed the neuroanatomical pathology with reference to his own experi-
ence and based on 151 cases in the literature (120 cases of infantile hemiplegia, 20
cases of bilateral spastic hemiplegia, and 11 cases of spastic paraplegia) and
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published The Cerebral Palsies of Children in 1889 [3]. He observed that dystocia,
delivery-induced asphyxia, and prolonged resuscitation were associated with neo-
natal seizures and that the etiology of this birth-related paralysis was strongly asso-
ciated with intracranial hemorrhage. This book was the first to use the expression
“the cerebral palsies,” which subsequently led to the widespread use of the term
“cerebral palsy.” Osler was also the first researcher to confirm infantile jaundice as
a risk factor for cerebral palsy [3].

Freud devised a classification system that continues to be used even in current
times and has remained essentially unchanged; this system categorizes patients
based on the time of onset of symptoms as ante-, intra-, and postpartum [3].
Furthermore, it has been established that the mechanism underlying cerebral palsy,
which was attributed to abnormal delivery, originates in the uterus before the onset
of labor and is not associated with intrapartum oxygen deprivation. Studies have
highlighted the multifactorial etiology of cerebral palsy and that this disorder essen-
tially represents a syndrome [3].

Following the work of Osler and the other researchers, Winthrop Morgan Phelps
(1894-1971), a Baltimore-based orthopedic surgeon, was the first clinician to treat
patients with cerebral palsy, and in 1941, Dr. Phelps published a paper titled “The
management of cerebral palsy” in which he classified cerebral palsy into the follow-
ing types: spastic, athetoid, associated with rigidity, associated with tremor, and
associated with incoordination (ataxic) [3]. Based on Dr. Little’s report, he pro-
posed that cerebral palsy is a neuromuscular disease characterized by motor and
postural disorders as core symptoms, although cerebral palsy was previously under-
stood to include intellectual disability. In essence, he emphasized that intellectual
disabilities do not necessarily occur in these patients. Dr. Phelps’ pioneering work
led to the establishment of the term cerebral palsy in the United States [5].

2 Recent Epidemiological Research in Cerebral Palsy

In 1986, Nelson and Ellenberg of the National Institutes of Health investigated
45,559 children born between 1959 and 1966, who were followed up until 7 years
of age. Of these, 189 had cerebral palsy, and only 40 (21%) had clinical findings
suggestive of delivery-induced asphyxia (fetal heart rate <60/min, 5-min Apgar
score <3, or crying for >5 min after birth). Following exclusion of those with mor-
phological abnormalities or microcephaly, which were evidently contributors to the
movement disorder, the authors reported that only 17 neonates (9%) had clinical
findings suggestive of delivery-induced asphyxia [6]. In 1988, Blair and Stanley
from Australia reported nearly the same findings as those reported by Nelson et al.
[7] in a study of 183 patients with spastic cerebral palsy, who were followed up over
5 years from 1975. The authors observed that delivery-induced asphyxia was impli-
cated in brain injury in only 8% of all cases.

In a retrospective study performed between 1995 and 1997 in Japan, Sugimoto
et al. investigated the association between fetal asphyxia and cerebral palsy in 106
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children who attended pediatric neurology outpatient clinics for the evaluation and
management of this disorder [8, 9]. Based on the results of head magnetic resonance
imaging (MRI) findings, medical history, and neurological evaluation, the authors
investigated the main causes and timing of brain injury in these patients; 13 infants
presented with fetal asphyxia (12.3%, 1-min Apgar scores <6) and 13 infants with
periventricular hyperintensity on MRI, which indicated periventricular leukomala-
cia associated with prematurity. Moreover, 14 patients (13.2%) presented with cere-
bral hemorrhage, 15 (14.2%) with cerebral infarction, 7 (6.6%) with central nervous
system viral infections in utero and in the neonatal period, and 37 (35%) with
genetic disorders and disorders of brain development associated with early fetal
development.

Based on these reports, delivery-induced fetal asphyxia is implicated in the onset
of cerebral palsy in only approximately 10% of all cases.

3 Definition

The concept of cerebral palsy encompasses not only motor palsy but also many
other disorders that are difficult to define in a simple statement [10]. The definition
established by the Cerebral Palsy Research Group of the former Ministry of Health
and Welfare in 1968 (group leader: Tadao Takatsu) is most commonly used in Japan
because it embodies the current understanding of this disorder and shares several
features with the definitions proposed by other countries. Accordingly, cerebral
palsy is defined as “a permanent but variable motor and postural abnormality based
on non-progressive brain lesions occurring between conception and neonatal peri-
ods within 4 weeks after birth. The symptoms develop by the age of 2 years.
Progressive disease, transient movement disorders, or delays in motor development
that appear likely to normalize in the future are excluded” [11].

The definition established at the 2004 Workshop in Bethesda states “The term
cerebral palsy describes a group of abnormalities in motor and postural develop-
ment that cause limitation of activity but are attributed to non-progressive disorders
occurring in the developing fetal or infant brain. It is thought to result from non-
progressive disorders that occur in the developing fetal or infant brain. Motor defi-
cits in cerebral palsy may include sensory, cognitive, communicative, cognitive,
behavioral, and/or seizure disorders.” Based on this definition, abnormalities of
movement and posture unaccompanied by activity limitation are not categorized as
cerebral palsy [11].

Based on the aforementioned definitions, cerebral palsy is characterized by the
following attributes: (a) a brain disorder that occurs between conception and the
neonatal period; (b) a non-progressive disease but one associated with permanent
lesions; (c) symptoms of postural and motor impairment, with or without concomi-
tant intellectual disability or epilepsy; and (d) a permanent disorder in which motor
developmental delay is not normalized in the future.
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4 Classification of Cerebral Palsy

Cerebral palsy can be classified based on the etiology and timing of onset, the loca-
tion (extent) of motor impairment, and physiological characteristics of motor
impairment (Table 1).

Classification based on the etiology and time of onset includes prenatal, perina-
tal, and acquired cerebral palsy. Classification based on the physiological character-
istics of motor impairment (pathological classification) includes spastic, athetotic,
hypotonic, ataxic, and mixed type of cerebral palsy. Cerebral palsy based on the
extent of motor impairment can be classified as quadriplegia, diplegia (paralysis of
all four extremities, but predominantly of the lower extremities), hemiplegia (paral-
ysis of one side of the body), paraplegia (paralysis of the lower extremities only),
triplegia, and monoplegia.

We categorize cerebral palsy based on abnormalities of movement and distribu-
tion of disability and briefly describe its characteristics [10].

Table 1 Classification of cerebral palsy

Classification of cerebral palsy | 1. Prenatal: abnormal brain formation, intrauterine infection,
based on the etiology and time drugs, poisoning, low nutritional status, and circulatory
of onset failure in utero among other causes

2. Perinatal: intrapartum asphyxia, cerebral hemorrhage,
infection, and nuclear jaundice among other conditions

3. Acquired: postnatal meningitis, encephalitis, and cerebral
hemorrhage among other conditions

Classification of movement 1. Spastic type: a condition in which both spasticity
impairment based on the (stiffening of limbs by rapid dynamic movements) and
physiological characteristic contracture (persistent stiffening) occur concomitantly and
clinical presentation the limbs are pinched, which prevents smooth movements

2. Athetotic type (involuntary movements): sudden
movements and hypotonia accompanied by uncontrolled
movements of the face, arms, and hands

3. Hypotonic: stickiness, posture maintenance, and balance
disorder

4. Ataxic type
5. Mixed type
1
2

Classification of cerebral palsy . Quadriplegia

based on thf-: loc?\tion (extent) of | 2. Diplegia: paralysis of all four extremities, but

movement impairment predominantly of the lower extremities

3. Hemiplegia: paralysis of one side of the body, usually
upper extremity > lower extremity

4. Paraplegia: paralysis exclusively of the lower extremities

5. Triplegia and monoplegia, among others
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1. Spastic Cerebral Palsy

(@)

(b)

©

Spastic Hemiplegia

The prevalence of this type is 10-15% of all cases of cerebral palsy in
Japan. It is characterized by a disorder of the upper and lower extremities on
one side of the body. This disorder is detected at approximately 4—6 months
of age; patients typically show left-right differences in movements of the
upper and lower extremities (upper extremity movements are predominant).
Symptoms include an inability to grip objects with the upper extremities,
inability to pick small objects, and limited external rotation of the forearm.
Spastic Quadriplegia

The prevalence of this type is 25-30% of all cases of cerebral palsy in
Japan. The generalized muscle tone is increased, and both upper and lower
extremities are affected, with predominant involvement of both lower
extremities. From early infancy, the infant presents with a typical posterior
arch hemiparesis-like posture and head movement-induced extension of
both upper and lower extremities (decerebrate rigidity-like posture).
Spastic Diplegia

The prevalence of this type is 35-40% of all cases of cerebral palsy in
Japan; 80% of preterm infants with cerebral palsy present with this variety.
Lower extremity involvement predominates in this type of cerebral palsy
with infrequent involvement of the upper limbs. The left and right sides
show asymmetrical impairment, with any one side being dominant. Children
with this type of palsy often show an extended or flexed upper extremity,
fixed representation of the forearm in the gyrus, and incoordinated move-
ments of the upper extremities.

2. Extrapyramidal Cerebral Palsy
The prevalence of this type of cerebral palsy is approximately 5-10% of all
cases of cerebral palsy in Japan.

(@)

(b)

Choreoathetotic Cerebral Palsy

The prevalence of this type is 5-8% of all cases of cerebral palsy in
Japan. It is characterized by large-amplitude involuntary movements, and
athetosis (in contrast to chorea) is the main involuntary movement. The
abnormal movements are most prominent at the ends of the extremities and
are typically slow, writhing involuntary movements, accompanied by finger
and toe extension and twisting of the extremity along its long axis. Children
with this form of cerebral palsy show significant speech difficulties.
Dystonic Cerebral Palsy

The prevalence of this type is 2-3% of all cases of cerebral palsy in
Japan. Most patients have a history of hypoxic-ischemic encephalopathy or
nuclear jaundice after birth, and trunk muscles and proximal ends of the
extremities are predominantly affected. Patients show slow and persistent
movements, which are most prominent in the head and neck musculature.
The head and neck may appear to be drawn to one side or may show abrupt
backward movement.
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3. Hypotonic (Atonic) Cerebral Palsy
This variety of cerebral palsy is extremely rare in Japan. Infants present with
lower extremity muscle weakness with near-normal muscle strength and coordi-
nated movements of the upper extremities. This type of cerebral palsy is charac-
terized by lifelong hypotonia.
4. Ataxic Cerebral Palsy
This type of cerebral palsy is rare in Japan and may be accompanied by spas-
tic paraplegia; however, this condition is diagnosed in patients with predomi-
nantly cerebellar symptoms.
5. Mixed Cerebral Palsy
The prevalence of this disorder is 5-10% of all cases of cerebral palsy in
Japan. Most cases of cerebral palsy do not present with a purely monosymptom-
atic form and tend to show a mixed form of clinical presentation. The most com-
mon combinations include spastic and athetotic cerebral palsy.

5 Fetal Heart Rate Monitoring and Neonatal Encephalopathy

At the time fetal heart rate monitoring was introduced in the 1960s, most neonatal
central nervous system disorders were attributed to hypoxemia during delivery. It
was presumed that intrapartum fetal heart rate monitoring performed for the early
detection of hypoxemia could safeguard the fetus from the deteriorating intrauterine
environment and consequent cerebral palsy and mental retardation [12]. However,
forward-looking randomized controlled trials (RCTs) (which compared fetal heart
rate monitoring with the intermittent fetal heart rate auscultation method) and meta-
analyses performed from 1970 to early 1980 clarified the following facts: (1) Fetal
heart rate monitoring could prevent low Apgar scores, low fetal blood pH, neonatal
resuscitation, and neonatal intensive care unit admissions. (2) Fetal heart rate moni-
toring increased the rate of cesarean deliveries owing to accurate and prompt diag-
nosis of fetal distress (non-reassuring fetal status). The only benefit of fetal heart
rate monitoring reported by the aforementioned RCTs was the reduction in neonatal
seizures observed in the Dublin trial [13]. (3) No reduction in central nervous sys-
tem disorders was observed with regard to long-term prognosis of neonates [14].
However, these results were observed following a comparative study of fetal heart
rate monitoring vs. intermittent fetal heart rate auscultation, and it is ethically
impossible to perform a comparative study between a fetal heart rate monitoring
during delivery group and a non-implemented group (fetal heart rate monitoring
during delivery is not performed) in real-world clinical settings; therefore, the effec-
tiveness of intrapartum fetal heart rate monitoring remains unclear.

Nelson et al. [15] reported fetal heart rate monitoring patterns that characterize
neonatal cerebral palsy in 95 patients diagnosed with cerebral palsy at 3 years of
age. A high risk of multiple late decelerations (odds ratio 3.9, 95% confidence inter-
val [CI] 1.7-9.3) and decreased beat-to-beat variability were observed (odds ratio
2.7,95% CI: 1.1-5.8); however, no abnormality occurred in 73% of patients with
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cerebral palsy, which indicates a high rate of cesarean delivery (odds ratio 2.9, 95%
CI: 1.0-8.6) in addition to an extremely high false-positive rate. Furthermore,
Melone et al. [16] observed that among 49 patients who underwent fetal heart rate
monitoring in whom cerebral palsy was diagnosed at 1 year of age, 35% of patients
in the control and 31% patients in the cerebral palsy group were diagnosed with a
non-reassuring pattern. We observed a significant difference in the 5-min Apgar
scores without a significant difference in 1-min Apgar scores and umbilical artery
pH of <7.20. We observed no specific fetal heart rate patterns associated with cere-
bral palsy, and an abnormal fetal heart rate pattern cannot conclusively predict the
subsequent development of cerebral palsy.

In a recent study, Nakao et al. [17] retrospectively analyzed intrapartum fetal
heart rate tracings obtained from 1069 neonates (patients with severe cerebral palsy
at fetal age >34 weeks) registered in the Japan Obstetric Compensation System for
Cerebral Palsy and classified these tracings into six categories. The results showed
that (a) 7.9% had continuous bradycardia on admission, (b) 21.7% had a non-
reassuring pattern on admission and persisting until delivery, (c) 15.6% had severe
prolonged bradycardia before delivery compared with a reassuring pattern on
admission, (d) 15.9% had gradual deterioration (Hon’s pattern) during delivery
compared with a reassuring pattern on admission, (e) 19.8% had a persistently reas-
suring pattern on admission until delivery, and (f) 19.1% remained unclassified.
Therefore, 31.5% of these patients had severe prolonged bradycardia before deliv-
ery compared with a reassuring pattern on admission and gradual deterioration
(Hon’s pattern), which was associated with intrapartum hypoxic brain injury.
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Summary

* The definition of cerebral palsy is “a permanent but changeable motor and
postural abnormality based on a nonprogressive lesion of the brain occur-
ring between conception and the neonatal period (within the first 4 weeks
of life), with manifestations occurring before the age of 2 years, and
excluding progressive disease, transient movement disorders, or delayed
motor development that will normalize in the future.”

* In other countries, the frequency is generally 2-2.5 per 1000 live births,
and the frequency has changed little from year to year.

* Based on the several reports on the annual trend of cerebral palsy incidence
in Japan, the incidence declined after 1956 with the improvement of neo-
natal management, but then rose again with the improvement of the sur-
vival rate of low-birth-weight and preterm infants, and is now estimated to
be 2-2.4 per 1000 live births, as in other countries.

* The incidence of cerebral palsy increases with shorter weeks of gestation
and lower birth weight, and hypoxic-ischemic encephalopathy is the most
common cause of cerebral palsy in mature infants and periventricular leu-
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komalacia in preterm infants. When considering the direct cause of cere-
bral palsy, it should be borne in mind that the cause of cerebral palsy in
infants with abnormal fetal heart rate patterns in labor is not necessarily
hypoxia at delivery, i.e., it is important to consider whether the disease or
condition in infants with cerebral palsy is a “direct cause” or a “back-
ground disease” or “related disease (so-called risk factor)” or the modify-
ing condition as an “aggravating factor.”

1 Definition of Cerebral Palsy

The definition of cerebral palsy (CP) in Japan was formulated by the Cerebral Palsy
Study Group of the former Ministry of Health and Welfare in 1968 as “permanent
but changeable motor and postural abnormalities caused by non-progressive lesions
of the brain occurring between conception and the neonatal period (within 4 weeks
of birth), with symptoms occurring by the age of 2 years”. Symptoms occur by age
2 years and exclude progressive disease, transient movement disorders, or delayed
motor development that will normalize in the future. Definitions in other countries
are generally consistent.

Brain damage occurring in the fetal and neonatal period.

Non-progressive and persistent disease.

Postural and motor impairment.

Transient disorders and delays in motor development that are expected to nor-
malize are considered to be excluded.

Sl o

2 Incidence of Cerebral Palsy

It is not easy to calculate the incidence of CP because the causes of CP are various
and advances in perinatal medicine and medical care can reduce the incidence and
severity of CP caused by conventional factors, but there is also the possibility that
CP caused by new factors may occur as the survival rate of newborns increases.
According to MacLennan et al. [1] and Himmelmann et al. [2], the incidence is
estimated to be 2-2.5 per 1000 births (including minor cases), and the frequency has
not changed much from year to year. However, Takeshita et al. reported [3] that the
incidence of CP in the four time periods of 1956-1959, 1971-1974, 1975-1980,
and 1981-1984 was 2.418, 1.428, 0.571, and 1.150 (per 1000 live births), respec-
tively. Although the incidence declined with the improvement of neonatal manage-
ment, it is predicted that the incidence will tend to rise again in the future due to the
subsequent improvement in the survival rate of low-birth-weight and preterm
infants.
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In the “Report on the Medical Survey for the Design of the Japan Obstetric
Compensation System for Cerebral Palsy” in 2009, the incidence of CP was esti-
mated to be 2.3 per 1000 live births in Okinawa Prefecture (1998-2001) and 2.2 in
Himeji City (1993—-1997). In addition, a nationwide estimate using the “National
Database of Receipt Information and Specified Health Examination Information
(NDB)” constructed by the Ministry of Health, Labour and Welfare [4] estimated
the incidence to be about 2.4 for 4-year-old children.

As a recent detailed study, the Epidemiological Survey Report on the Actual
Condition of CP Children [5] conducted a complete survey of CP children in three
prefectures (Tottori, Tokushima, and Tochigi) over a 5-year period from 2009 and
clarified the incidence of CP and the condition at birth. There were 231 births of CP
between 2009 and 2013 in the 3 prefectures. The total number of births during the
study period was 135,335, and the incidence rate of CP was estimated to be 1.7 per
1000 live births, which was the highest (2.1) in 2009 and the lowest (1.4) in 2012
(Fig. 1). The incidence of CP according to the number of weeks of pregnancy was
highest at 102.6 per 1000 births at 27 weeks or less, 56.1 at 28-31 weeks, 6.1 at
32-36 weeks, and 0.8 at 37 weeks or more, and the incidence tended to decrease as
the baby approached full term (Fig. 2). Furthermore, the incidence of CP by birth
weight was highest for birth weights of 999 g or less (81.5 per 1000 births), 54.1 for
birth weights of 1000-1499 g, 15.3 for 1500-1999 g, 4.2 for 2000-2499 g, 0.9 for
2500-2999 g, 0.5 for 3000-3499 g, 0.5 for 3000-3499 g, 0.2 for 3500-3999 g, and
1.7 for 4000 g or more, with the lowest incidence in the 3500-3900 g range (Fig. 3).
These results indicate that the shorter gestational weeks at delivery as well as the
smaller the birth weight, the incidence of CP increases, which is consistent with
previous reports.

Incidence rate
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Fig. 1 The incidence rate (births per 1000) of CP in the three prefectures in Japan. (Adapted from
Ref. [5])
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3 Cerebral Palsy “Causes” and ‘““Risk Factors”

It is undisputed that the causes of CP are diverse from the viewpoint of perinatal
medicine; it is important to consider whether hypoxic events during labor should be
uniformly regarded as the direct cause of CP, particularly when some perinatal
events, such as neonatal asphyxia or hypoxic/academic patterns in cardiotocogra-
phy (CTG), are observed in children with CP. This issue has become a major point
of contention in medical litigation and perinatal care. In the aforementioned survey
[5], the majority of children (84.8%) had diseases or other conditions considered to
be major risk factors for CP from prepartum to postpartum. In these, 70.6% had at
least pathophysiological conditions during delivery, with neonatal asphyxia being
the most common (50.2%), followed by periventricular leukomalacia (PVL) in
28.6% and hypoxic-ischemic encephalopathy (HIE) in 18.2% (Tables 1 and 2). This
result is consistent with previous reports that hypoxic-ischemic encephalopathy and
periventricular leukomalacia account for most of the causes of CP in mature infants
and preterm infants, respectively, and the events during labor are the candidates for
the risk factors for CP. However, when discussing the relationship between CP and
maternal or infant disease during labor, it is also important to consider whether the
disease is the “direct cause” or not, furthermore, a “background condition” or
“related condition” or a “modifying condition” as an “aggravating factor.”

4 Causative Diseases of CP from the Perspective
of the Report on Prevention of Recurrence, the Japan
Obstetric Compensation System for Cerebral Palsy

Eligible cases in the Japan Obstetric Compensation System for Cerebral Palsy are
those in which the gestational weeks at delivery is 28 weeks or more, the severity of
the injury is equivalent to a physical disability grade 1 or 2, and the child does not
meet the exclusion criteria such as congenital factors (hereditary/genetic diseases
and/or major structural abnormalities) and factors in the neonatal period. For this
reason, it is kept in mind that the epidemiological analysis does not cover all CP
cases in Japan. Therefore, the results obtained in the abovementioned regional sur-
veys and other studies cannot be directly applied, and simple comparisons cannot be
made. Figure 4 shows the results by cause for the 10 years from January 2009 to
September 2019 under this system [6]. Of the total of 2457 cases, 1051 (42.8%)
were judged to have an unknown or difficult-to-identify cause, and of the remaining
1406 (57.1%) cases judged to have obvious pathophysiological causes, 1179 (46.7%
of the total) of those could be explained by a single possible cause. On the other
hand, cases in which multiple perinatal events were considered to be the cause
accounted for about 10% of the total, resulting in more than half of the cases having
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an unknown or difficult-to-identify cause and multiple confounding factors involved
in the process of CP formation. Based on these epidemiological results, a review
eligible for the compensation criteria is under consideration in 2021. The scope of
the system may be expanded to include CP cases with no abnormal medical findings
before and after delivery. Then, it is expected that the registered cases will be
expanded to cases after 28 weeks of gestation. Consequently, PVL cases specific to
preterm infants are expected to increase, and further analysis of the differences in
causes between full-term and preterm births might be possible.

Pathophysiology No. of Cases |%
A single condition 1,179 46.7
A single condition Fl?l(;tca:r:lr;ent of the placenta or bleeding from the 410 16.2
Placental abruption 405 (16.0)
gﬁifl?:;gglgiglnat:enta previa or 5 ©0.2)
umbilical cord factor 309 12.2
cord prolapse 55 (2.2)
other cord factors 254 (10.1)
infection 82 3.2
GBS 44 (1.7)
herpes encephalitis 16 (0.6)
Others 22 (0.9)
Intracranial hemorrhage 53 2.1
Uterine rupture 48 1.9
Imbalance of blood flow in tins (including twin-to-
twin transfusion syndrome) 45 1.8
Fetomaternal transfusion 40 1.6
Maternal respiratory and circulatory failure 37 15
Amniotic fluid embolism 14 (0.6)
el S T
Cerebral infarction in neonates 40 1.6
Placental insufficiency or reduced placental
function 31 1.2
Others 84 3.3

Fig. 4 The main cause of cerebral palsy. (Adapted from Ref. [6])
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Multiple conditions 264 104
(duplicated) Umbilical cord factors other than cord prolapse | 163 6.5
Placental insufficiency or reduced placental 75 3.0
function :
infection 38 15
Placental abruption 32 1.3
Unknown etiology 1,084 42.9
Intracranial abnormal findings, present 776 30.7
Cages with presumed onset N 702 (27.8)
during pregnancy and parturition
Cases with presgmed onsetin 74 2.9)
the neonatal period
Intracranial abnormal findings, absent 308 12.2
Cases without known event 217 (8.6)
Cases wlth suspected 91 (3.6)
congenital factors
Total 2,527 100

Fig. 4 (continued)
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Summary

* The Obstetric Compensation System for Cerebral Palsy was launched in
2009 in response to a shortage of obstetricians and a surge in disputes.

e The system is characterized by the provision of no-fault compensation,
investigation, and prevention.

* We have certified more than 3000 cerebral palsy cases for compensation
and have delivered investigative reports, prevention reports, and educative
media for professionals and expectant mothers.

*  We have also produced recapitulation of individual investigative report to
be uploaded on the webpage of the system to enhance transparency. The
disclosure is reviewed to be consistent with lately revised Personal
Information Protection Law in 2020.

e In order to expand the system by revising eligibility criteria, the system
was and will be revised in 2015 and 2022. The new criteria which was
crafted in ad hoc committee in 2019-2020 will be applied in 2022 and later.

* As such, the system has been a significant part of perinatal care delivery
system in Japan.

The Japan Obstetric Compensation System for Cerebral Palsy [1] was launched in
2009 with the Japan Council for Quality Health Care (JQ) as the operating organiza-
tion, against the background of a shortage of obstetricians in Japan and a surge in
disputes particularly caused by occurrence of cerebral palsy. More than 10 years
have passed since the system commenced, and it has given rise to enormous achieve-
ments such as early resolution of disputes displayed in the rapid decrease in the
number of lawsuit statistics and quality improvement of perinatal care [2]. In this
section, current status of the system and challenges ahead are described.

1 Current Status and Challenges of the Japan Obstetric
Compensation System for Cerebral Palsy

1.1 Background to Launch the System

1.1.1 Perinatal Care and Conflict

Among the disputes, those related to cerebral palsy were said to be a heavy burden
for obstetricians because the cause of cerebral palsy was often unknown. In discus-
sions with perinatal care professionals in Japan and abroad, I have had the opportu-
nity to learn that cerebral palsy is one of the causes of disputes, including court
cases, and of obstetricians leaving their jobs, not only in high-income countries but
also in Low and middle income countries (LMICs). In cases where a child is born
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in a distressed status despite normal course of pregnancy and delivery, or where the
child’s neurological deficits become apparent to develop profound cerebral palsy in
spite of little or no findings on hypoxic condition during delivery, the family’s feel-
ings may become complicated, and disputes may arise. Therefore, obstetricians
have been discussing for many years the establishment of a compensation system
that works on no-fault basis.

1.1.2 Discussion on the Establishment of a No-Fault
Compensation System

Discussions on the establishment of a no-fault compensation system have been held
by the Japan Medical Association (JMA) since the 1960s. In the report entitled
“Report on the Legal Response to Medical Accidents and Its Basic Theory” pub-
lished in 1972, the following recommendations were set forth.

1. In the event of a medical accident, if the physician’s practices are deemed to be
negligent through a rigorous examination, he or she will be immediately held
responsible for compensation.

2. Compensation should be established on a national scale to provide relief for seri-
ous damage inevitably caused by physicians whose practices are not negligent.

3. The establishment of a dispute resolution procedure as a national system sepa-
rate from the current court system.

The JMA physician liability insurance system was established in 1973 in
response to (1), but the other two items were not materialized for decades that fol-
lowed. With decades passing by, the shortage of physicians in obstetrics and gyne-
cology and the declining birthrate became social problems. In January 2006, the
JMA made a proposition in its report entitled “Aiming at the establishment of a
disability compensation system for medical care” stating “Ideally, it is desirable to
implement a no-fault compensation system for entire medical specialties” and
“however, neurological sequelae related to childbirth (so-called cerebral palsy) is
prioritized for no-fault compensation.” In August of the same year, they presented
the details on the novel system. Furthermore, in November of the year, “A Framework
for a No-Fault Compensation System in Obstetrics” (Study Group on Medical
Dispute Resolution, Social Security System Study Group, Political Research
Committee of the Liberal Democratic Party (LDP)) was published that was fol-
lowed by increasing anticipation to launch the system. At the same time, relevant
organizations and groups expressed their concern and requested that the JQ should
be an operator of the system. Accordingly, the Preparatory Office for the novel sys-
tem was installed in the JQ in February 2007 that served as secretariat for the
Introductory Committee for the novel system. In March 2008, the Board of Directors
of the JQ formally decided to be the operating organization. All in this way, the
system has been in operation since January 2009 [1, 2]. This system is voluntary, but
at the time of writing, a high participation rate of 99.9% has been achieved among
all the childbirth institutions in Japan.
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2 Review and Compensation

I tried to increase the clarity in a way that: Those who are eligible for compensation
should meet i) the general criteria, which consists of birth weight (1400 g or more)
and weeks of pregnancy (32 weeks or more), or ii) the individual criteria when the
weeks of pregnancy are less than the general criteria: 28 weeks or more of preg-
nancy, umbilical artery blood pH less than 7.1, meeting the prescribed pattern in the
fetal heart rate labor diagram (CTG), etc., and meet iii) the severity criteria: equiva-
lent to level 1 or 2 of the physical disability grade defined in the Welfare for the
Disabled Act, while they should not meet iv) the exclusion criteria such as cerebral
palsy obviously caused by congenital factors or factors taking place in neonatal
period or later. Even if congenital factors (brain malformation, genetic abnormality,
chromosomal abnormality, etc.) exist, they are not necessarily because they may not
be the obvious cause of profound CP. Decision for approval is made based on medi-
cal examination as to what caused profound CP that applicant suffers.

As of June 5, 2020, 3041 cases of compensation have been approved, and pay-
ment for the cases have been made or in progress. The number of persons eligible
for compensation that has been confirmed so far is 419 in 2009, 382 in 2010, 355 in
2011, 362 in 2012, 351 in 2013, and 326 in 2014. For children born in later years,
the application is still allowed until they are 5 years old (Table 1). In addition, appli-
cants of uncompensated cases may apply to the Appeal Committee if they are not
convinced on the results of the review.

A uniform compensation of 30 million yen is paid for each case once approved
by the Review Committee. If the childbirth facility is liable for damage, the com-
pensation and the damage payment are adjusted to eliminate duplicative payment.
In other words, the child and the family cannot receive both the compensation and
the damage payment under the system.

2.1 Investigation

2.1.1 Production of Investigative Report

The purposes of the investigation are (1) to analyze the case from a medical point of
view based on the record and data on the cerebral palsy to learn knowledge for pre-
vention and (2) to prevent conflict between childbirth facility and patient/family and
bring it to early settlement by sharing investigative report for mutual understanding
on the childbirth event. Unlike court system, this is a process of analysis genuinely
from the medical and midwifery point of view.

The Investigation Committee holds seven subcommittees to compile a draft
report (Fig. 1). One committee is composed of 14 members: 9 obstetricians includ-
ing the chairperson, 2 pediatricians, 1 midwife, and 4 lawyers. The role of the medi-
cal members is to analyze the case from medical viewpoint, while the lawyers
provide views so that the report will be easy for the patient/family to understand. A



27

Current Status of the Japan Obstetric Compensation System for Cerebral Palsy

powLIjuod Apeaife
SHNSAT MITATY L 0001 o 756 170 8Y0¥ [BI0L

powIyuoo 19K
10U J[NSaI JUSWSPN[ L Lyl o 101 98 0001 610C ~ S10¢
9AOQE SB oUIBS 0 vl 0 4! 9ce 69 10T
9AOQE S JuIes 0 Sel 0 SCl IS¢ 9Lv £10T
9AOQE SE JUWES 0 SS1 0 SSl1 9¢ LIS ¢10¢
9AOQE Se JWeS 0 Lyl 0 Lyl See 08 110T
9AOQE Se JuIes 0 14! 0 14! 8¢ £Cs 010¢

pauLIyuod Apeaife
SINSIT MITASY 0 [44! 0 wl (8% 196 600C
®0L, (Z @0N) 9rqrssod uonesuaduwrod (1 210N) SuoIeUIEXd UMIq JO Iex

uoneordde-oy KQ pa19A02 JON a3eI10A0D) Jo PqunN
AON uone)Nsuod uonesuaduwod £q pa1aa0d J0N
panunuo))

9SBAIOAP 0] pamo[[e uaaq sey uonesuadwod 10y 9[qI3Ife ojdoad
Jo roquinu 2y, ‘parddear oq ueo pagpnl oq 03 armjewaid 0o} are Jnq uonesuadwod 10J paroidde jou axom jey) suoneosrjdde pue ‘vonesuadwod 10j paroidde
u29q oAy suonedrdde g4 Jo IO [H( ‘WSS Ay} Jo JUAWYSIGeIsd Ay} 2ouIS ‘[¢] uonesuadwod oy 9[qi310 drdoad jo roquunu oy ut soSuey) [ dqeL



28 S. Ushiro

Japan Council for
\ Quality Health Care

' /[ Investigative Committee (Peer Review) ]\

7 Subcommittees

childbirth facility

Medical records,
midwifery records,
examination data, etc.

~ [
5 [ Fist ) [ second ) [ hia )
E \ y BN VBN )
Additional materials =1 " Sixth
' Fourth Fifth
on medical treatment Cg [ Committee ] [ Division ] [(%?{L‘;"B‘ieez ]
system, etc. %)
— 8
B Committee .
\ J © (written)
g report
‘g draft (written)
(‘3 report report

children and families W
* The course of pregnancy

and delivery \ S

* Questions about childbirth J support support

[Summarized edition published on the website]

-

¢ Other claims L - . . .
\ Midwives, administrative staff with legal expertise /

Fig. 1 Preparation of the cause analysis report [4]. In the cause analysis, a summary of the case is
prepared based on records, data, and information from the family, and a draft report is prepared by
seven subcommittees. A summary version of the report is published on the website

working manual was crafted to ensure that the reports are compiled in a standard-
ized fashion. The draft report compiled therein is reviewed in the Investigative
Committee for approval. At the same time, a “‘summarized edition” of the investiga-
tive report is issued with personal identifiers deleted and held available on the sys-
tem’s website for the prevention and improvement of perinatal care. This publication
is described in more detail in the next section, as it has recently become involved in
the revision of the Personal Information Protection Act.

2.1.2 The Relationship Between the Disclosure of the ‘“Summarized
Edition” of the Investigative Report and the Latest Revision
of the Personal Information Protection Law and Relevant
Administrative Guidelines

The “summarized edition” of the investigative report has been published and posted
on the website as one of the significant products of the system. They have been
referred to by parents, patient groups, and medical professionals for various pur-
poses such as confirming transparency and improving quality of perinatal care
through scientific research. The revised Act on the Protection of Personal Information
was enacted and promulgated in 2015 and fully enforced on May 30, 2017, which
unprecedentedly forced the “Donor rule” applicable when we consider if the data
we disclosed on the web is “personal information.” “Personal information” shall be
provided to third parties through the prior consent of an individual to which the data
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belong with some exceptions such as the data provision for promoting public health.
The “Donor rule” states that the data is defined as “personal information” when the
donor of the data, e.g., JQ, is aware of an individual from whom the data derive even
if recipient of the data, e.g., general public, does not know whose data it is.
Accordingly, the “summarized edition” that had been available on the website was
pointed out to be “personal information” that could be transferred to third parties
generally through prior consent procedure. Therefore, publication of the “summa-
rized edition,” for which consent for the publication had not been obtained, had to
be temporarily withdrawn from the website, and the Steering Committee of this
system examined the issue from a broad perspective such as the purpose and impact
of the disclosure and the procedures required for the disclosure in consistent with
the revision of the Personal Information Protection Act.

In January 2019, the JQ consulted with legal experts and the government offi-
cials again on this issue. In light of their comments and guidance, the JQ decided to
make efforts in obtaining the consent of the guardians, childbirth institutions, and
the relevant medical institutions on all the summarized editions in light of the public
concern on the system and changing public view with regard to the handling of
personal information, although JQ believed that it fell under the exceptions for
obtaining prior consent to the provision of personal information to third parties in
the Personal Information Protection Act (see Table 2 [Reference 1]). Later, when the
JQ’s policy on disclosure of the summarized editions was proposed at the 40th
Steering Committee meeting held in January 2019, comments such as “all summa-
rized editions should be disclosed on the web as they were” and “JQ should clarify
the reasons for no-consent by guardians and/or childbirth facilities in detail” were
raised from many of committee members.

In February 2019, the JQ conducted a questionnaire survey targeting guardians
and childbirth facilities to get hold of the reasons why they answered “agree” or
“disagree” on the disclosure of the “summarized edition.” At the 41st Steering
Committee meeting held in August 2019, JQ reviewed the aim and value of this
system to consider if we should disclose all the “summarized edition” that achieve
public good such as quality improvement in perinatal care as only about 3/4 of the
“summarized edition” are agreed on the disclosure. The JQ concluded at that time
that the JQ continued its efforts to improve the rate of consent on disclosure and
consulted with the relevant ministries and the government to explore measures to
disclose more “summarized editions” on the web.

In December 2019, the Personal Information Protection Committee published
the “Outline of the Amendment of the System for the So-called Triennial Review of
the Personal Information Protection Act” (see Table 2 [Reference 2]), and in January
2020, the Ministry of Health, Labour and Welfare (MHLW) (see Table 2 [Reference
3]) presented a new commentary. At the 42nd Steering Committee meeting held in
February 2020 and the 43rd Steering Committee meeting held on July 3, 2020, we
discussed to compile an audacious policy on releasing all the “summarized edi-
tions” on the web. In the meantime, at the 94th meeting of the Investigation
Committee held on June 10, the following comments were proposed: “In the
Investigative Report, the causes of cerebral palsy are analyzed in detail and
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Table 2 Laws and regulations regarding the disclosure of the cause analysis report summary
version [3]. The abridged version of the cause analysis report is considered to fall under the
exception to the provision of personal information to third parties under the Personal Information
Protection Law and is published on the website based on the general guidelines of the Personal
Information Protection Committee and the views of the Ministry of Health, Labour and Welfare

[Reference 1: Article 23, Paragraph 1, Item 3 of the Personal Information Protection Law]
Article 23 A business operator handling personal information shall not provide personal data to
a third party without obtaining the prior consent of the individual, except in the following cases:
(iii) When it is particularly necessary for the improvement of public health or the promotion of
the sound growth of children and it is difficult to obtain the consent of the person concerned

[Reference 2: The Personal Information Protection Law, so-called triennial review, Outline of
System Revisions (December 13, 2019) (excerpt)]

3. Clarification of the operation of the exceptions pertaining to the handling of personal
information for public interest purposes

» With the rapid progress of information and communication technology, it has become possible
to collect and analyze big data such as customer information

* In this context, Japan is aiming to realize Society 5.0, which is a new society in which
advanced technologies such as big data analysis are incorporated into all industries and social
life to achieve both economic development and solutions to social issues. As social issues
become more diverse, it is desirable to support an environment in which businesses can make
use of data in order to efficiently and effectively solve these issues

* With regard to this point, the current Personal Information Protection Law has exceptions to
the limitation of the purpose of use and provision of personal data to third parties, such as
“when it is necessary particularly for the improvement of public health or the promotion of the
sound growth of children and difficult to obtain the consent of the individual”. The use of
personal information for public interest purposes is also considered acceptable in certain
cases. However, since there is a tendency that these exceptions have been strictly applied so
far, it is necessary to provide specific examples in guidelines and Q&As according to the
expected needs. Therefore, we will promote the utilization of personal information that
benefits the entire nation in terms of addressing social issues

By providing specific examples of the utilization in the guidelines and Q&As responding to
the needs in society, for example, the need that a medical institution or a pharmaceutical
company use the information for the purpose of contributing to the development of medical
services, drugs, and safe and effective medical device in terms of patient safety

[Reference 3: Opinion from the Ministry of Health, Labour and Welfare

e In December 2019, the Personal Information Protection Committee released the “Personal
Information Protection Act: So-called Triennial Review: Outline of System Revisions,” which
also states that “the handling of personal information in the private sector is a matter for each
business operator to decide. Therefore, it would be desirable for JIPDEC to consider the
policy again, taking into account the balance between the improvement of public health and
the protection of personal information. In addition, the MHLW has no objection if it is
socially acceptable to publish the summary version of all cases as before”

carefully for each case” and “All the ‘summarized editions’ need to be disclosed on
the web as they were.” Accordingly, it was unanimously agreed that the “summa-
rized edition” is published in all CP cases. From the viewpoint of improving public
health, the publication of the “summarized edition” falls under the exceptions of
Article 23, Paragraph 1, Item 3, of the Personal Information Protection Act as
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described above. In addition, in order to prevent the recurrence of CPs which is the
purpose of the system, and to widely contribute to quality improvement in perinatal
care, the JQ believed that it was incredibly important to disclose all “summarized
edition” on the web after a year-long argument over the disclosure under the revised
Personal Information Protection Act. At the same time, as there were some opinions
that a certain level of agreement has been formed between the JQ and the cases that
had disagreed on the disclosure, the JQ needed to make efforts to carefully convince
families and childbirth facilities to agree on the disclosure. The Steering Committee
finally agreed to the view proposed by the JQ.

2.2 Prevention of Cerebral Palsy

2.2.1 Publication of Annual Prevention Reports, Educational Materials
on Fetal Heart Rate Monitoring, and Leaflets for Professionals
and Expectant Mothers

The investigative reports are collectively analyzed in order to prevent recurrence
and to improve quality in perinatal care. Here, we applied the knowledge and pro-
cedure devised through the medical adverse event reporting and learning system the
JQ had run for years to make the analysis effective in preventing CP. Specifically,
we conducted a quantitative and epidemiological analysis of aggregated cases based
on data such as status of pregnancy, clinical courses of pregnancy, delivery and
neonatal condition, and the local context of healthcare delivery system. The JQ also
produced educational materials such as fetal heart rate monitoring textbook of pro-
found CPs and leaflets for medical professionals and pregnant women (Fig. 2).

2.2.2 Activities of the Prevention Working Group

Under the Prevention Committee, a working group for prevention, which consists of
obstetricians nominated by the Japan Society of Obstetrics and Gynecology and the
Japan Association of Obstetricians and Gynecologists, as well as academic experts
such as epidemiologists, was established in May 2014 that has conducted data anal-
ysis of the aggregated investigative reports. With the data, comparative study
between the data of CPs that were subject to compensation under this system and
that of the “Japan Society of Obstetrics and Gynecology Perinatal Registration
Database” was conducted. In addition, an analysis of intrauterine infections and
fetal heart rate patterns in children with CP was conducted in response to the
requests made in the prevention report to the relevant academic societies and orga-
nizations. The analyses have been conducted in the working group from multifac-
eted viewpoints such as obstetrics and public health.
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Fig. 2 Media for pregnant
women and professionals
[5]. (a) Leaflet for
professionals “Early
postnatal management of
the newborn”. (b) Leaflet
for expectant mothers
“About your newborn
baby”. (¢) “Dear
Obstetricians, About Fetal
Heart Rate Labor Chart
(Maternal Respiratory and
Circulatory Failure)”.
(Quoted from the data of
Japan Health Care
Functionality Evaluation
Organization)
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Fig. 3 Number of lawsuits (already filed) in obstetrics and gynecology. (Quoted and modified
from “The number of completed cases of medical lawsuits by medical subject” by the Supreme
Court Committee on Medical Lawsuits)

2.3 Impact on Conflict Mitigation

The purpose of the system is to prevent disputes and to improve quality in perinatal
care. The lawsuit statistics of obstetrics and gynecology as a breakdown of “the
number of completed lawsuit of entire medical specialty” published by the
Committee on Medical Lawsuit of the Supreme Court of Japan shows a remarkable
decreasing trend (Fig. 3). The “Report on the Verification of the Speeding Up of
Trials” published in July 2013 by the Supreme Court of Japan states that “the Japan
Obstetric Compensation System for Cerebral Palsy has handled a considerable
number of cases since it came into effect, and it presumably has created an impact
to a certain extent on the number of lawsuit in medical affairs litigation.”

2.4 Review of the System

2.4.1 Review Timetable Agreed at the Inception of the System

The Japan Obstetric Compensation System for Cerebral Palsy was launched in an
expedited manner in light of deteriorating perinatal care delivery system with chal-
lenges hard to address at the inception. Therefore, the report of the Introductory
Committee stated that “the system will be verified in five years at the latest, and
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necessary revisions will be made to the scope of eligible patients, the amount of
monetary compensation, price of insurance premium, and the operating structure of
the system as appropriate.”

2.4.2 Review in 2015

Accordingly, the Steering Committee of the system began an argument over the
review of the system in February 2012. The committee conducted research includ-
ing the collection and analysis of population-based data on the incidence of cerebral
palsy, which is necessary for estimating the number of patients eligible for compen-
sation that is crucial in re-designing the system. The results were reported to the
Steering Committee in July 2013, and the Steering Committee and the Medical
Insurance Subcommittee of the Social Security Council of the MHLW discussed the
scope of eligibility, the amount of monetary compensation, the amount of lump-sum
payments, and the way to spend surplus accumulated in insurance account. A review
concluded that the system expanded the scope of eligibility to be applied in January
2015 and later.

2.4.3 2020-2021 Review for Further Expansion

While the system was being operated based on the revised standards, the Steering
Committee held a meeting on July 20, 2018, and found that issues had arisen, such
as “more than 50% of the patients on case-by-case review were not covered by the
system,” “a sense of unfairness arose because some patients were covered and oth-
ers were not, even though they went through similar clinical course,” and “the sys-
tem was scientifically unreasonable and did not fit the reality of perinatal care.”
Therefore, it was concluded that the system needed to be improved as soon as pos-
sible (Table 2). On July 25 of the same year, the Steering Committee submitted a
request to the MHLW that the committee commenced the review of the system.
Later in 2020, the MHLW responded to the JQ claiming that the JQ listens to the
voices of relevant parties such as healthcare-related organizations, patient groups,
and insurers, proposes the blueprint to reform the system, and reports to the MHLW
on the conclusion with which the MHLW would take necessary action for reforming
the system. With those dialogs between the JQ and the MHLW, the first round of the
Committee on the Review of the Japan Obstetric Compensation System for Cerebral
Palsy was held on September 11, 2020. At the meeting, the items to be examined
and reviewed included the operation of the system in terms of efficiency, the esti-
mates of the number of eligible patients, the price of insurance premium, the eligi-
bility criteria for compensation, the financial resource for compensation, and the
amount of compensation. The JQ, the system operator, engaged in Q&A session in
exploring the direction of expanding the scope of the system, which was in line with
the views of the most committee members who engaged in perinatal care. It was
necessary to make an effort to reach a unanimous agreement of the stakeholders
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involved in the meeting. Therefore, the JQ requested committee members and all
those involved in perinatal care beyond the committee for attention and support for
the direction, i.e., expansion of the system that JQ presented in response to the dif-
ficult reality in perinatal care delivery system.

The Japan Obstetric Compensation System for Cerebral Palsy, which was
launched in 2009, celebrated its tenth anniversary in 2019. During this period, the
system has made enormous achievement such as the delivery of no-fault compensa-
tion for profound CPs, provision of investigative report to both families and child-
birth facilities, prevention activities through collective analysis of aggregated
investigative reports, and sharing the data on CPs gained in the system on a national
scale through appropriate procedures. The system was discussed for the review
5 years after it was launched on a planned timetable. The review concluded that the
system was run in line with the original objectives, such as provision of monetary
compensation on no-fault basis, early resolution of disputes, and quality improve-
ment of perinatal care through investigation and prevention. Then, the revised sys-
tem was initiated in January 2014 on such details as procedure of investigation and
adjustment of monetary compensation and damage payment and in January 2015 on
the scope of eligibility that covered more CPs and other relevant issues. As of now
in 2020, JQ has just completed another review of the system to explore further
expansion to cover more cerebral palsy cases in January 2022 and later. As seen
above, the JQ believes that it is vital to improve the system in continued fashion
through periodical reviews in the presence of stakeholders.
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Summary

* Most of the patients with cerebral palsy cannot find the causes of perinatal
factors. Physicians in charge of infant healthcare examinations should
identify the suspected cases of cerebral palsy at an early stage.

* The key to early detection of cerebral palsy is to avoid overlooking abnor-
mal posture, decreased automatic movements with or without increased or
decreased muscle tone, residual or delayed appearance of primitive
reflexes, and left-right differences in reflexes.
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 If a definitive diagnosis and treatment cannot be made at the own hospital,
the timing of referral should be decided in cooperation with the specialist
physician, taking into consideration the local medical care and treat-
ment system.

* In most of the cases of severe hypoxic-ischemic encephalopathy, cerebral
palsy can be diagnosed in early infancy. On the other hand, some cases of
mild cerebral palsy are diagnosed after 1.5 years of age. If the follow-up of
the patient cannot be continued at the own hospital, the doctor should
inform the parents of the importance of follow-up healthcare examination
and the visit to the doctor in the key month.

» To prevent the progression from neonatal asphyxia to hypoxic-ischemic
encephalopathy, in all deliveries, staff with both knowledge of neonatal
resuscitation and skill in mask and bag ventilations should be assigned.

The definition of cerebral palsy was established in 1968 by the Research Council for
Cerebral Palsy of the former Ministry of Health and Welfare and is still used with-
out revision today. On the other hand, the diagnosis of cerebral palsy is based on
clinical symptoms. The main clinical symptoms are abnormalities in movement and
posture, including muscle tone, reflexes, coordination, and left-right differences in
movement. Hypoxic-ischemic encephalopathy (HIE) is an important cause in full-
term infants, although most of the cases do not detect perinatal factors. In severe
cases, cerebral palsy can be diagnosed in early infancy, but some of mild to moder-
ate cerebral palsy is diagnosed after the age of 18 months. In this chapter, I review
the clinical features and the diagnosis of cerebral palsy caused by hypoxic-ischemic
encephalopathy.

1 Diagnosis of Cerebral Palsy

Newborns with perinatal factors or those with abnormalities detected on imaging in
the neonatal period are carefully followed up. The diagnosis of cerebral palsy in this
population is rarely delayed, but the number of cerebral palsy cases in the popula-
tion without these abnormalities is much larger. Early detection of suspected cases
from the regular infant healthcare examination is extremely important. The develop-
mental delay is assessed by the achievement of the assessment items in the key
month. The key points to suspect cerebral palsy are observation of posture and
spontaneous movements, presence or absence of increased or decreased muscle
tone, and abnormalities of each primary reflex, i.e., residual, delayed appearance,
and left-right differences in reflexes. The key month is the age at which growth and
development can be assessed for the purpose of early diagnosis and treatment of
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diseases and rehabilitation. The “key months” are 1 month, 3 months, 67 months,
9-10 months, 1 year, 1 year and 6 months, 2 years, 3 years, 4 years, 5 years, and
6 years as indicated in the Maternal and Child Health Handbook.

2 Symptoms and Findings That Raise Suspicion of Cerebral
Palsy During a Health Examination

2.1 OneMonth [1]

Early symptoms before the abnormalities in muscle tone and posture seen in chil-
dren with cerebral palsy include the following: poor weight gain with poor feeding,
warping of the trunk during feeding, not in a good mood, shallow sleep, less crying,
longer sleeping time, and less frequent feeding. In the normal supine position, the
upper and lower limbs are lightly flexed, and the hands are lightly clasped (Fig. 1a).
All four limbs are freely movable. The face faces either left or right and changes its
orientation spontaneously (Fig. 1b). On the other hand, abnormal findings in the
supine posture, such as obvious warping of the trunk and a posture of strong asym-
metrical tonic neck reflex, indicate increased muscle tone (Fig. 2a), while a posture
in which the entire limbs are extended or the limb remains on the floor, the so-called
frog posture, indicates decreased muscle tone. Left-right difference in movement of
any of the four limbs is also an abnormal finding. When the traction response is
observed, if the body stands like a stick, the head is extremely retroflexed, or the
elbow joint is fully extended, the shoulders almost fall out, and the hips shift, it is

Fig. 1 Normal posture of a I-month-old infant. (a) Limb flexion position (normal). The upper and
lower limbs are semi-flexed in the supine position, and the upper limbs are W-shaped (both hands
pointing upward). As the child matures, the hands are positioned caudally. (b) Posture with the
elements of tonic neck reflex (normal). The upper and lower limbs on the side the child facing are
more extended than those of the opposite side, but the hands are not clenched tightly. In this
respect, this posture differs from that of a typical tonic neck reflex



40 S. Hosono

Fig. 2 Abnormal posture of a 1-month-old infant. (a) Morbid tonic neck reflex. The upper and
lower limbs on the side the child facing are always extended, and the upper and lower limbs of the
occipital side are flexed, and the hands are clenched tightly. (b) When the child is held horizontally
in the supine position, the child’s arms and legs cannot resist gravity and slump. In addition, the
muscle tonus of trunk is also decreased, resulting in an inverted U-shaped posture

considered abnormal. If the patient’s head is lifted slightly in a horizontal lateral
hug (supine suspension), the back is mildly flexed, but the face is raised and the
lower limbs are extended, the posture indicates increased muscle tone, and if the
trunk is extremely bent in an inverted U shape, the posture indicates decreased mus-
cle tone (Fig. 2b). If an abnormality is suspected at the 1-month physical examina-
tion, the patient should be referred to the specialist or followed up 1 month later.

2.2 Four-Month Health Examination [1]

In normal 4-month age children, if the head is not strongly deformed, the face faces
in the direction of interest, and if the face is facing forward, the hands are brought
in front of the face for play, and the hands are often open. The child can grasp
objects touched by hands. Both lower limbs are flexed, both feet are raised, and the
limbs are actively moving.

In the prone position, the face faces the floor, and when the neck is raised, the
elbows are forward of the shoulders to support the upper body, and the neck is
higher than the shoulders.
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In the horizontal position, the head is slightly raised, the trunk is mildly flexed or
extended, the upper limbs are lightly extended, and the hands are open, and the
lower limbs are lightly extended.

Neurological findings include obvious recumbency (retroflexion), conversely, a
posture with limbs on the floor (frog position), a strong asymmetrical tonic neck
reflex position, and strong hand holding, which is an abnormal posture.

When you examine traction response, the head does not fall backward and fol-
lows the trunk without delay when the head is raised to 45° from the floor (Fig. 3a).
If the elbow and shoulder joints are strengthened and the upper extremities are
flexed, and the axis of the neck and trunk are aligned, the head control is completed.
The primitive reflexes, Moro reflex and hand grasp reflex, are absent. In the supine
position, if the patient has a strong asymmetrical tonic neck reflex position and the
face remains facing one side and cannot be moved, it is considered abnormal. Head
control is incomplete if the head does not bend forward and remains retroverted
even when the patient is brought up to 60° in the traction response; if the head bends
forward when the patient is brought up to 90°, or if the head shakes so much that the
patient cannot stand back up when the shoulders are gently shaken back and forth,
head control is also incomplete. If the head bends forward, or if the head shakes so
much that the child cannot stand back up when the shoulder is gently shaken back
and forth, it is judged that the neck is not fixed. When the head bends backward and
the lower limbs are stretched, the muscle tone is increased, which is an abnormal
finding. In this case, the patient’s waist shifts in the causing reflex, and the patient
cannot be caused normally and stands up like a stick (Fig. 3b). In the case of incom-
plete head control, if the patient is 3—4 months old, the follow-up should be about

Fig. 3 Normal and abnormal caused reflexes of a 4-month-old infant. (a) Normal traction
response: When the examiner holds the child’s hands and triggers the child at about 45°, the child
pulls back his or her chin so that the head and trunk are in a straight line. (b) Abnormal traction
response: The child’s head and trunk are dorsiflexed, and when the examiner tries to pull the child
up by both hands, the child’s hips displaced. So, it is not possible to cause a child
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1 month later; if the patient is 4 months old or has obvious postural or motor abnor-
malities or abnormal muscle tone, the patient should be referred to a specialized
facility for consultation or follow-up after 1 month.

2.3 Six to Seven-Month Examination [2]

If the head control is not established, the diagnosis is obvious retardation, and the
child is diagnosed as developmentally delayed. At around 6 months, the child grasps
the feet with the hands and sucks the toes into the mouth in the supine position
(Fig. 4a). These movements disappear after 7 months. At 6 months, the child is able
to sit for a few seconds with hands in front of him (Fig. 4b). If the child is 6 months
old, it is not necessarily considered abnormal development, even if the sitting posi-
tion is not acquired it is not necessarily considered abnormal. At 7 months, the child
is able to sit with holding objects (Fig. 4c). In the vertical hold, the child flexes their
lower limbs and does not place their feet on the floor, bounces up and down, and
bounces and supports his weight with feet on the floor. As you can see, there are
some variants. The following symptoms are considered abnormal, if the child’s
lower limbs are cross and extended and the heels do not touch the floor; equinovarus
position is abnormal (Fig. 5). It is also abnormal for a child to hold his or her hands
tightly without opening them. Such a gesture is abnormal. It is abnormal if the child
does not try to remove the cloth covering infant’s face in the cloth on the face test
(Fig. 6). Check for any awkwardness or difference in grasping.

At 7 months, when a cloth is applied to the face, it is immediately removed with
the mother’s side of one hand. At 7 months, when a cloth is placed on his face, he
immediately removes it with the maternal side of one hand. The degree of delay in
mental development indicates that the child takes a long time to remove the cloth,

Fig. 4 Normal posture at 67 months. (a) Supine posture: The child’s muscle tonus in lower
extremities is symmetrically decreased. The child is able to hold and suck his own toes. (b, ¢)
Sitting position: At 6 months, children can sit with the trunk bent forward and hands on the floor
for a few seconds (b). At 7 months, the child ranges from those who can sit with their hands on the
floor for a while or sit and play with his hands on the floor without holding them (c)
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Fig. 5 Abnormal posture
of a 6-7-month-old infant.
Cross-extension of the
lower limbs: Cross-
extension of the child’s
lower limbs can be seen
when the child is held
vertically. In some cases,
when the examiner
repeatedly touches the
bottom of the child’s foot
to the floor, equinus
position becomes apparent

Fig. 6 Cloth on the face test. Cloth on the face test is a test in which a cloth such as a handkerchief
or towel is placed on the face of an infant and the infant’s reaction is observed. Usually, at 5 months,
the child tries to pick up the cloth with both hands; at about 6 months, the child brings both hands
to the face, but often takes the cloth with one hand. When the examiner holds the hand that first
took the cloth, the child tries to take the cloth with the opposite hand
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attempts to remove the cloth but is unable to do so, or does not make any removal
movements. In hemiplegic patients, there is a difference between the left and right
side of the removing motion.

2.4 Nine to Ten-Month Examination [1]

In the supine position, there is a separate movement of the knee, with the hip joint
flexed and the knee flexed and extended separately on each side. In the prone posi-
tion, the child supports the upper body with both hands and crawls forward on all
fours with the hips raised, so-called crawling. With hands on the ground, maintain
shoulder and hip height, and support the lower extremities with the knees, alternat-
ing hip flexion and extension. From the supine position, if the doctor holds the
baby’s hands and causes it, the baby will cooperate and sit up.

At 10 months, the child is able to maintain a seated position without placing his
hands on the floor. In the sitting posture, the back is straight, and the lower limbs are
thrown forward, both hips are semi-abducted, and both knees are semi-flexed. The
child can stand on one knee. The child should be able to stand on one knee, stand up
with support from the upper limbs, and stand up with support (standing position). If
the child cannot sit up, there is clearly abnormal with motor development. There are
a number of developmental variants at this age as follows. The child is unable to
crawl on all fours and moves in a crawling position, crawls on his or her back, and
does not want to be placed in the supine position. There is a variation so-called shuf-
fling baby, which is a child who does not crawl but moves by paddling with the
lower limbs in a sitting position. It is abnormal for a child to be supported only by
the upper extremities while standing on both lower extremities in extension and on
tiptoe. If the child does not try to stand with the lower limbs bent even when pulled
up by the sides (vertical suspension), or if the lower limbs are extended and crossed
and pointed feet are seen, abnormalities are suspected. Left-right differences in the
upper and lower limbs are abnormal. In particular, since the dominant hand is not
determined at this stage, it may be abnormal if one hand cannot grasp an object
between the thumb and index finger. It is abnormal if there is no parachute reflex,
left-right difference in upper limb extension and in hand extension, or inability to
open the hand in the lateral parachute reflex. The Landau reflex normally appears at
6 months and persists until 2.5 years of age, so if it is not present at this time, it is
abnormal. The absence of anterior and lateral hopping responses is abnormal.
Muscle tone is assessed using muscle elasticity and range of motion. In particular,
the physician should perform dynamic hip flexion and ankle dorsiflexion for evalu-
ation. If the angle between the floor and the lower extremity is less than 70° when
the doctor flexes one hip joint while extending the other knee, the doctor considers
increased muscle tone in the posterior thigh muscle group. If the knee joint is
extended and the ankle joint cannot be dorsiflexed due to strong resistance, foot
clonus, or increased patellar tendon reflex, spastic cerebral palsy is suspected. If
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these abnormalities are observed, they should be confirmed after 1 month, and if
they are reproducible, they can be judged as abnormal.

2.5 One-Year-Old Health Examination [2]

The average child is able to stand unaided, but there is a wide range from walking
while holding on to something to walking alone. When the child walks unaided,
make sure that the heel is firmly planted on the floor and the examiner confirms that
the child does not have an ankle joint in equinus position. In children with a ten-
dency toward pointy feet, check for stiffness during ankle extension and flexion.
Examine for anterior and lateral hopping responses; the absence of a posterior hop-
ping response at 12 months is not abnormal, but the absence of anterior and lateral
responses is. If a muscle tonus abnormality is suspected, traction response should be
performed to confirm that it is normal.

2.6 One Year and 6-Month Examination [3]

The average child is able to stand alone, but there is a wide range from pacing to
walking alone. I'll repeat myself on this. You should make sure that the heel is
firmly planted on the floor and the examiner confirms that the child does not have an
ankle joint in equinus position. In child with a tendency toward equinus position,
check for stiffness during ankle extension and flexion. Check for the presence of
anterior and lateral hopping responses. At 12 months, the absence of a posterior
hopping response is not abnormal, but the absence of anterior and lateral responses
is abnormal. If a muscle tonus abnormality is suspected, retraction reflexes should
be checked for normality. If the child has walk alone, determine whether the child
is high, middle, or low guard' (Fig. 7) by noting the position of the hands. At 1 year
and 6 months, the child usually walks with a middle or high guard gait. Failure to
walk is clearly abnormal. On the other hand, particular attention should be paid to
children who have a long period of high guard gait, even if they acquire high guard
gait at an early age. Hopping responses can be seen in all directions at this stage.
With regard to fine motor skills, when stacking cubes (blocks of 3 cm each), the
child can stack two to three cubes by holding the cubes with the mother finger fac-
ing the other fingers and grasping them with the belly side of the fingers or with the
fingertips.

The gait matures from high guard to middle guard and then to low guard. It is
named after the position of the upper limb, but in reality, the movements of the
upper limb, trunk, and lower limb are different.

"High guard, middle guard, and low guard gait and adult gait.
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Fig. 7 Change in walking posture. (a) High guard gait is when the child begins to walk. When
walking, the lower limbs are externally rotated with extension, both legs are open, and the body is
twisted at the beginning of walking. The lower limbs are abducted and abducted, and the pelvis is
twisted and tilted with each step. Normally, the contralateral foot does not move forward from the
landing point of the first foot that steps forward. (b) In middle guard gait, the extended lower limbs
gradually descend during walking. (¢) In low guard gait, as the child matures, the upper limbs
come down to a lower position than the hips, and the upper and lower limbs begin to show some
degree of sympathetic movement. The legs are internally rotated and the open feet become parallel,
the stride length is constant, and the upper and lower limbs move in synch, resulting in a rhythmic
gait similar to that of adults. This form of gait is usually achieved after the age of 2 years

3 Type of Cerebral Palsy

3.1 Classification by Site of Injury

Cerebral palsy is classified into six types (Fig. 8) based on the location of the disor-
der. Paraplegia is characterized by paralysis of the lower limbs only, with no paraly-
sis of the upper limbs. In diplegia, the lower limbs are more severely affected than
the upper limbs.

3.2 Classification According to the Type of Abnormal Muscle
Tone [4]

e Spastic Type
The spastic type presents with spastic increased muscle tone, decreased range
of motion of the joints, and decreased motor activity.
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Hemiplegia Paraplegia Diplegia Quadriplegia ~ Monoplegia Triplegia
(paralysis
on one side

of the body)

Fig. 8 Classification by disability site. The bold line indicates the site of paralysis, and + and ++
indicate the degree of paralysis. (Modified from Ref. [9])

e Athetosis Type
Cerebral palsy of the athetotic type is characterized by increased muscle tone
and involuntary movements, which vary in degree. The muscle tone is increased
at the beginning of movement and during tension and is decreased during
relaxation.
* Hypotonic Type
Muscle tone is decreased, and locomotion is decreased too. The range of
motion of the joints increases in young children but decreases with age.
e Ataxia Type
It is associated with impaired balance function of the trunk and tremor of the
upper limbs.
e Mixed Type
Not all cases of cerebral palsy can be classified into the above four types,
except for the mixed type. Even in cases classified as mixed, the main disease
type should be clearly described.

4 Severity of Cerebral Palsy [5]

The prognostic value of gross motor function in cerebral palsy should be assessed
stratified by severity. The gross motor function classification system (GMFCS) is
the most widely used. In the GMFCS classifies, the severity of paraplegia into five
functional levels based on the child’s gross motor skills, mainly sitting ability and
mobility, which can be expected to be reached by the age of 6 years or later (Table 1).

5 Diagnosis of Cerebral Palsy
Due to Hypoxic-Ischemic Encephalopathy

Hypoxic-ischemic encephalopathy is a disorder of the central nervous system
caused by hypoxia and ischemia, mainly associated with neonatal asphyxia. This
means that the presence of neonatal asphyxia and hypoxic-ischemic
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Table 1 Gross motor function classification system (Created based on Ref. [5])

Level | Level of attainment

1 Children walk without limitations in most settings through adulthood

1T Children walk with limitations that may change with age

I Children can walk using a hand-held mobility device in most indoor settings

v Children can get around mainly with a wheelchair and use a body support walker for
recreation

\' Children will be transported in chairs or standers throughout their life, and with

increased supports, they may drive powered mobility

Table 2 Findings of the Compensation Target Standard (2) (Modified from Ref. [6])

Sudden and persistent bradycardia

Delayed transient bradycardia occurring in more than 50% of uterine contractions

Fluctuating transient bradycardia appearing in more than 50% of uterine contractions

Loss of baseline variability in heart rate

Severe bradycardia with decreased baseline variability of heart rate

Sinusoidal pattern

Apgar score of less than 3 (1 min)

RN || NP W=

Blood gas analysis within the first hour of life (pH less than 7.0)

encephalopathy in the neonatal period and other neonatal encephalopathies should
be excluded. Criterion 2 for individual review of children born on or after January
1, 2015, in the Japan Obstetric Compensation System for Cerebral Palsy, (1) persis-
tent hypoxic conditions and findings of metabolic acidosis (acidemia) in the umbili-
cal artery (pH less than 7.1) or (2) hypoxic conditions including premature separation
of normally implanted placenta, cord prolapse, uterine rupture, and eclampsia, feto-
maternal transfusion syndrome, hemorrhage from placenta previa, sudden onset
twin-to-twin transfusion syndrome, etc., and, after that, any of the eight findings
(Table 2) is assumed to be present [6].

Hypoxic-ischemic encephalopathy is characterized by neurological symptoms
such as muscle tension, posture, and abnormal tendon and primitive reflexes. The
severity of hypoxic-ischemic encephalopathy is generally assessed by either or both
the Sarnat classification (Table 3) [7] and Thompson score (Table 4) [8], which
reflect abnormal autonomic function in addition to these neurological symptoms.

In order to prevent the progression from neonatal asphyxia to hypoxic-ischemic
encephalopathy, all medical staff attending the delivery should be familiar with
NCPR resuscitation procedures and be able to perform mask and bag ventilation
appropriately.
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Table 3 Sarnat classification (distinguishing features of the three stages of postanoxic
encephalopathy in the full-term newborn infant)

Grade
I (Mild) II (Moderate) III (Severe)
LOC Hyperalert Lethargic or obtunded | Stupor
Neuromuscular control
e Muscle tone Normal Mild hypotonia Flaccid
* Posture Mild distal Strong distal flexion Intermittent
flexion decerebration
» Stretch reflexes Overactive Overactive Decreased or absent
» Segmental myoclonus | O O None
Complex or primitive reflexes
* Suck Weak Weak or absent Absent
*  Moro Strong Weak Absent
e Oculovestibular Normal Strong Decreased or absent
e Tonic neck Slight Strong Absent
Autonomic function Sympathetic Parasympathetic Sympathetic and
dominance dominance parasympathetic
inhibition
e Pupils Mydriasis Miosis Variable
* Heart rate Tachycardia Bradycardia Variable
e Tracheal or saliva Decreased Hypersecretion Variable
secretion
* Intestinal peristalsis Decreased from | Strong/diarrhea Variable
normal
Seizures None Common Uncommon
Electroencephalographic | Normal (during | Initial: continuous low | Initial: rhythmic
findings wakefulness) potential delta and theta | pattern with
waves equipotential phase
Then: rhythmic patterns | Then: full equipotential
(during wakefulness) phase
Spasm: 1-1.5 Hz/spine
slow wave
Period Within 24 h 2-14 days A few hours to a few
weeks
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Table 4 Thompson score (hypoxic-ischemic encephalopathy score) (Reproduced from [8] with

permission)
Sign 0 1 2 3
Tone Normal Hypertonia Hypotonia Flaccid
LOC Normal Hyperalert, stare Lethargic Comatose
Fits None <3 per day >2 per day
Posture Normal Fisting, cycling Strong distal flexion Decerebrate
Moro Normal Partial Absent
Grasp Normal Poor Absent
Suck Normal Poor Absent =+ bites
Respiration Normal Hyperventilation Brief apnea IPPV (apnea)
Fontanel Normal Full, not tense Tense

Maximum Score = 22, Mild HIE: 1-10, Moderate HIE: 11-14, Severe HIE: 15
LOC level of consciousness
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* The patterns of brain injury in the prenatal and perinatal period result in
different radiologic appearances depending on the severity and duration of
injury, and the maturity of the brain at the time of injury.

* The same type of brain injury sustained at the same gestational age basically
shows the identical imaging findings, regardless of whether in utero or
after birth.

e In this section, we briefly review the characteristic imaging findings of
hypoxic-ischemic encephalopathies that may cause cerebral palsy. It is
important to take into account the time since injury, as imaging findings
can change over time.
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With the advances and widespread use of equipment, MRI has become the first
choice for diagnostic imaging of central nervous system diseases in infancy and
children. In addition, the importance of MRI has been increasing in neonatal care
recently. MRI is now more frequently used and plays a more important role in peri-
natal diagnostic imaging that is difficult to evaluate with CT and ultrasound (US).
In the past two decades, MRI techniques have further progressed, and advanced
techniques such as MR spectroscopy (MRS), diffusion-weighted imaging (DWI),
susceptibility-weighted imaging, and arterial spin labeling are now widely used
clinically.

The causes of cerebral palsy are diverse and include hypoxic-ischemic encepha-
lopathy (HIE), cerebrovascular disorders, and perinatal infection. In preterm infants,
intrauterine infections such as chorioamnionitis are associated with intraventricular
hemorrhage and periventricular leukomalacia (PVL), and are considered one of the
risk factors for cerebral palsy [1-3]. Typical imaging findings of perinatal intracra-
nial hemorrhage and hypoxic-ischemic encephalopathy (HIE) that may cause cere-
bral palsy are elaborated below.

1 Subependymal Hemorrhage and
Intraventricular Hemorrhage

In premature infants, the germinal matrix is located underneath the lateral ventricle
(subependyma) and becomes prominent from the 8th to 28th weeks of gestation,
during which neural stem cells actively proliferate there. It disappears around the
34th week and becomes rarely seen thereafter. It is highly cellular and appears high
density on CT. It is highly vascularized, and its vessels are thin, fragile, and prone
to bleed. Although the mechanism of bleeding is multifactorial and not completely
elucidated yet [4, 5], it is speculated that bleeding occurs from fragile vessels of the
germinal matrix when reperfusion occurs after hypoperfusion or ischemia. The ger-
minal matrix hemorrhage may further rupture into a lateral ventricle and lead to
intraventricular hemorrhage. It may also cause venous cerebral infarction associated
with venous congestion (Fig. 1). After intraventricular hemorrhage, posthemor-
rhagic hydrocephalus may follow.

The Papile grading system is widely used for grading subependymal hemor-
rhage. Grade I is bleeding confined to the germinal matrix; grade II is intraventricu-
lar hemorrhage without ventricular enlargement; grade III is intraventricular
hemorrhage with ventricular enlargement; and grade IV was initially defined to be
extension of hemorrhage into the brain parenchyma, but is now thought to be sub-
ependymal hemorrhage accompanied by venous cerebral infarction (Fig. 1). Infants
with grade III or IV hemorrhage have poorer mortality and neurological prognosis.

The external granular layer, one of the germinal matrices of the cerebellum, is
located near the surface of the cerebellar hemispheres, where bleeding may occur in
the premature brain. T2*-weighted images and SWI are useful for evaluation of
hemorrhage.
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Fig. 1 Grade IV subependymal hemorrhage in a preterm infant born at 26 weeks of gestation,
scanned at the term equivalent age. Coronal T2-weighted image (a) shows very low signal dot
(arrowhead) at the anterior horn of the right lateral ventricle, which is consistent with subependy-
mal hemorrhage. The infarction (a: arrow) associated with the subependymal hemorrhage is dem-
onstrated as a crescent-shaped high signal area abutting on the hemorrhage. On axial T1-weighted
image (b), the infarction (arrow) is obtained as low signal intensity adjacent to the right lateral
ventricle on a T1-weighted axial image

2 Hypoxic-Ischemic Encephalopathy (HIE)

The patterns of brain injury in the prenatal and perinatal period results in different
radiologic appearances depending on the severity and duration of injury, and the
maturity of the brain at the time of injury. The same type of brain injury sustained
at the same gestational age basically shows the identical imaging findings, regard-
less of whether in utero or after birth. However, the injury pattern may differ between
severe hypoxic ischemic injury due to cardiac arrest (the so-called profound
asphyxia) and prolonged mild to moderate hypoxic ischemic injury (the so-called
partial prolonged asphyxia) (Table 1).

2.1 Mild to Moderate Hypoxic Ischemic Injury (Partial
Asphyxia) in Premature Infants

In premature infants, mild to moderate hypoxic ischemic injury most commonly
occurs in the periventricular white matter, and is also called PVL. It is frequently seen
in the deep white matter around the anterior horn and the pars triangularis of the lat-
eral ventricles, but can occur in the white matter of any region such as periventricular,
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Table 1 MRI patterns of hypoxic-ischemic encephalopathy

Mild to moderate hypoxic ischemic Profound hypoxic ischemic
encephalopathy encephalopathy
Premature Periventricular/deep white matter injury | Thalamus, basal ganglia, and
neonate (up to 32 brainstem injury
postconceptional
weeks)
Term neonate Cortex and white matter injury Dorsal brainstem, anterior
(~34-56 (white matter exclusively in mild injury; | cerebellar vermis, thalamus,
postconceptional | parasagittal watershed cortex and white | basal ganglia, corticospinal tract,
weeks) matter in moderate injury; and perirolandic cortex injury
entire cortex and underlying white In severe injury, all supratentorial
matter in severe injury) structures affected.

This table was cited and modified from original data in ref. [7]

Fig. 2 Cystic periventricular leukomalacia in a preterm infant born at 28 weeks of gestation,
imaged at 37 weeks of corrected age. Cystic lesions (arrows) are noted in the white matter around
the trigone of the lateral ventricle bilaterally on coronal T1-weighted image, representing cystic
periventricular leukomalacia

deep, and subcortical white matter. In severely injured infants, focal necrosis occurs
within the lesion in several days to weeks after injury and appears cystic.

On MRI, white matter injury in preterm infants includes those with cystic and
noncystic lesion; the former is called cystic PVL (Fig. 2) and the latter noncystic
PVL or punctuate white matter lesions (PWML) (Fig. 3) [6]. Cystic PVL, which is
considered to be a severer type [6], has recently decreased with advances in neona-
tal care.

In the early neonatal period, US is usually the primarily used imaging modality
because it can be safely performed for the newborn treated in the incubator of the
neonatal intensive care unit. PVL is suspected with increased echogenicity of the
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Fig. 3 Punctate white matter lesions in a premature infant born at 33 weeks of gestation. Axial
T1-weighted image (a) at the term equivalent age shows multiple punctate high signal foci
(arrows), the so-called punctate white matter lesions, bilaterally in the deep white matter. Axial
T1-weighted image (b) at 2 years of age revealed the following characteristic MRI findings of end-
stage PVL: enlargement and irregularity of the lateral ventricle, and cerebral sulci abutting on the
lateral ventricles as a result of loss of periventricular white matter

periventricular white matter on early cranial US. PVL on US shows abnormal
parenchymal echogenicity in the periventricular area, representing necrosis or hem-
orrhage. Subsequently, focal decreased echogenicity due to liquefaction can be
demonstrated during follow-up.

With MRI, noncystic white matter lesions appear as punctate high signal inten-
sity foci on T1-weighted images (T1WI) as early as 3—4 days after injury and also as
low signal on T2-weighted images (T2WI). When liquefaction occurs in part of a
large lesion, cysts are identified as low signal intensity on T1WI and high signal
intensity on T2WI in the periventricular white matter. Subsequently, the cysts
regress, and the cerebral hemispheres show diminished volume of the white matter.
As aresult of loss of the periventricular white matter volume, enlargement and irreg-
ularity of the lateral ventricle become evident, and the cerebral sulci reach close to
the lateral ventricles, which is characteristic of the so-called end-stage PVL (Fig. 3b).

2.2 Mild to Moderate Hypoxic Ischemic Injury (Prolonged
Partial Asphyxia) in Term Infants

White matter injury in the watershed areas is the most common pattern of mild to
moderate hypoxic ischemic injury (partial asphyxia) in term infants and is called
parasagittal cerebral injury (Fig. 4). These regions are difficult to evaluate with US.
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Fig. 4 Parasagital injury in a term infant born at 39 weeks of gestation. Axial DWI image at the
age of 6 days shows high signal intensity (arrows) in the anterior parasagittal watershed area on
both sides

In the acute phase, DWI (Fig. 4) shows restricted diffusion. On T2WI, the affected
cortex is stated to be hyperintense as early as within 24 h after injury [7] and some-
times shows the signal equal to that of the white matter with edema. On T1WI, the
edematous cortex and white matter appear hypointense. The affected cortex may
show high signal intensity on TI1WI 3—4 weeks after injury. In the chronic phase, as
the volume of the injured brain parenchyma decreases, enlargement of the adjacent
lateral ventricle is frequently observed [7].

2.3 Profound Hypoxic Ischemic Injury (Profound Asphyxia)

Neonates who have suffered profound hypoxic ischemia or cardiocirculatory arrest
basically show injury primarily in the basal ganglia, thalamus (Fig. 5), and brain
stem injury in both preterm and term infants. It is likely to occur in metabolically
active regions associated with brain maturation, and the common sites are slightly
different depending on gestational age. In the premature brain, the thalamus, basal
ganglia, and dorsal brainstem are often involved. In the mature brain, the dorsal
brainstem, ventral cerebellar vermis, thalamus, basal ganglia, corticospinal tract,
and perirolandic cortex are commonly affected. In severe cases, injury spreads
through the entire cerebral cortex and cerebral white matter.

Subtle high signal intensity areas appear on TIWI as early as 2-3 days after
birth, and abnormal signal intensity areas become more evident in the middle of the
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Fig.5 Severe HIE in a term infant born at 40 weeks of gestation. Axial T1-weighted image on day
7 shows hyperintensity in the lateral thalami (arrowheads), globi pallidi (hollow arrows), and pos-
terior putamina (arrows) on both sides, which are consistent with basal ganglia necrosis. The nor-
mal hyperintensity of the posterior limb of the internal capsule is not seen

second week after injury and last for several months. On T2WI, low signal intensity
areas appear 6—7 days after injury and fade away, followed by the appearance of
high signal intensity areas [7].

2.4 DWI and MRS

Recently, there is an increased opportunity for applying advanced techniques such
as DWI and MRS in addition to conventional TIWI and T2WTI in the diagnosis of
HIE. The timing that abnormal findings appear depends on the severity of injury.
DWI may show abnormal findings as early as a few hours after injury, but the initial
signal changes may be mild, and therefore early DWI may underestimate the extent
of the lesion. The decrease in apparent diffusion coefficient peaks around 2-3 days
after injury, and the diffusion restriction normalizes (pseudonormalization) in
approximately 6-10 days in cases without therapeutic hypothermia [7].

On MRS, the lactate peak can rise as early as several hours after injury, but in
mild to moderate HIE, the change is often mild and not apparent until more than
20 h after injury. The lactate peak then becomes obscure around the end of the first
week after injury. Imaging findings therefore need to be evaluated together with the
timing of imaging.
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Summary

* Genetic analysis has progressed, and the influence of genetic factors,
including chromosomal abnormalities, on the development of cerebral
palsy is now considered to be large, diverse, and complex.

o It is expected that analysis using next-generation sequencers will become
more widespread in the future, leading to the further elucidation of the
cause of the disease and enabling personalized medicine (precision medi-
cine) tailored to the cause of each affected child.

» With this, the disease concept and definition of cerebral palsy could change
significantly.

1 Overview of Chromosome Aberrations

1.1 What Are Chromosomes, Genomes, Genes, Exons,
and Introns [1, 2]?

Chromosomes are complexes consisting of DNA and proteins in the cell nucleus.
The human somatic cell contains approximately 3.2 billion base pairs of total
genetic information (genome) divided into 23 pairs of 46 chromosomes (22 pairs of
autosomes and sex chromosomes (XX or XY)). It is estimated that there are about
20,000 genes in the human genome and each gene has sequence regions (exons) that
are translated and synthesized into proteins and sequence regions (introns) that are
transcribed into mRNA but not translated.

1.2 Genetic Diseases and Chromosomal Abnormalities [1, 2]
1.2.1 Genetic Disease

Genetic disease is a general term for diseases caused by changes in the genome,
such as genes and chromosomes (Table 1). Note that some of genetic diseases,
including those caused by chromosomal abnormalities, are not inherited.
Additionally, by trio analysis,! new changes in the genome (de novo mutations) are
frequently found, only in affected individuals.

'A trio analysis can be performed by sequencing of both the index case (patient) and parents to
identify de novo variants. A gene mutation present only in the index case, but not in the parents,
suggests a de novo mutation.
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Table 1 ClassiflcaFion of genetic 1. Single-gene disease (monogenic disease)
diseases. Genetic diseases can be

broadly classified into one to five
categories, based on differences in

2. Chromosomal abnormality
3. Multifactorial genetic disease

the genomic alterations that 4. Mitochondrial genetic disease
cause them 5. Disease caused by mosaicism
Table 2 Classification of 1. Numerical abnormalities
chromosome abnormalities (2) Euploidy

and representative examples — -
* Triploid, tetraploid

(b) Aneuploidy
e Trisomy
* Monosomy (e.g., Turner syndrome)

2. Structural abnormalities
(a) Balanced

¢ Mutual translocation, Robertsonian translocation,
inversion
(b) Unbalanced
¢ Deletion, duplication, insertion, marker chromosome,
ring chromosome
3. Uniparental disomy (UPD)
* Angelman syndrome, Prader-Willi syndrome

1.2.2 Chromosomal Abnormalities [Aberrations]

Chromosomal abnormalities, or aberrations, include diseases in which characteris-
tic symptoms and findings appear due to excess or deficiency of genes caused by
numerical or structural abnormalities of chromosomes or uniparental disomy. About
0.4% of all children born and about 5% of all children with congenital anomalies
have chromosomal abnormalities. A classification and representative abnormalities
(diseases) are shown in Table 2.

1.3 Findings and Symptoms of Chromosomal Abnormalities
and Related Information

The topic does not fall within the scope of this chapter. The interested reader may
refer to Table 3 for sources of up-to-date information.
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Table 3 Sources of up-to-date information (websites)

Database/website

URL

Comments

OMIM (Online
Mendelian Inheritance
in Man)

https://www.omim.org/

An authoritative site that provides
information on inheritance patterns,
responsible genes, and major phenotypes of
genetic diseases

PubCaseFinder

https://pubcasefinder.
dbcls.jp/

The website provides a list of differential
diagnoses in order of probability, when you
enter signs and symptoms (phenotypes) of
the patient in the search window in Japanese.
Links to various databases are provided,
which you will find useful

UR-DBMS/Syndrome
Finder

http://syndromefinder.
ncchd.go.jp

A comprehensive database of genetic
diseases (mainly, malformation syndromes),
originally created by the Department of
Medical Genetics, University of the Ryukyus,
and currently managed by the National
Center for Child Health and Development.
Membership registration is required for its
use

GeneReviews

http://www.
genereviews.org/

A source of information on diagnostic
methods, treatment strategies, and genetic
counseling for genetic diseases (819 entries,
as of February 28, 2022)

GeneReviews Japan

http://grj.umin.jp/

The Japanese translation of the above
database. However, the number of entries is
smaller (212 items, as of February 27, 2022)

Unique Understanding
Rare Chromosome and
Gene Disorders

https://www.
rarechromo.org/
disorder-guides

A detailed database of chromosomal
abnormalities, containing information on rare
and/or minute structural abnormalities

The portal for rare
diseases and orphan
drugs

https://www.orpha.net/
consor/cgi-bin/index.

php

A portal site that provides information on
rare diseases and therapeutic drugs

The National Liaison
Council for Clinical
Sections of Medical
Genetics (in Japan)

http://www.
idenshiiryoubumon.org

This Japanese website describes how to
prepare for genetic counseling. It has a
search engine for facilities that provide
genetic medicine. Information on a range of
diseases that can be dealt with at each facility
is also available. All written in Japanese

ClinVar https://www.ncbi.nlm. | A database that provides information on
nih.gov/clinvar/ variants and phenotypes, such as single
nucleotide variants (SNVs), operated by
NCBI (National Center for Biotechnology
Information, the US government)
NCBI Gene https://www.ncbi.nlm. | A representative database of information on

nih.gov/gene/

genes, operated by NCBI

NCBI National Center for Biotechnology Information
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1.4 Methods for Detecting Chromosomal Abnormalities [2, 3]

The following methods are used to detect chromosomal abnormalities. The
researcher should choose an appropriate method depending on the purpose. Figure 1
shows the size (base pairs) of abnormalities that can be detected by a given method.

1.4.1 Chromosomal Banding (Particularly, G-Banding)

G-banding (Giemsa banding) is the standard method for chromosome analysis and
is most commonly used. In G-banding, dark and light bands appear on the chromo-
somes, and the number and structure of each chromosome are analyzed comprehen-
sively. The size and pattern of the bands help us to identify each chromosome or part
of a chromosome.

1.4.2 FISH (Fluorescence In Situ Hybridization)

This method uses fluorescent DNA fragments (termed probes) that can bind to only
particular parts of regions of chromosomes or a nucleic acid sequence under inves-
tigation. FISH can be used to examine the increase or decrease of specific DNA

3.2x10° — whole genome
10° |
Chromosomal
] banding
108 chromosome M-FISH*
o 107 ] chrotr)nozome Microarray
g el chromosome
@ 106 — analysis
©
Keo)
N 105 | Sequencing by Next FISH
3 gene Generation
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4
108 | c
o
3
102 |
10 |
1 —

Fig. 1 Genetic tests and their resolution. The figure outlines the size (number of base pairs) that
each test can detect. The smaller the number of base pairs, the higher the resolution of the test.
*M-FISH: Multicolor FISH (M-FISH) is a FISH method in which simultaneous use of different
fluorescent probes and their combination can identify individual chromosomes
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sequences on chromosomes (e.g., duplication or deletion) and localize them. By this
method using a variety of different probes, including chromosome-specific centro-
mere probes, site-specific probes, and whole chromosome staining probes, micro-
deletions, micro-duplications, aneuploidy, and additional chromosomes can be
found. FISH can be applied to interphase nuclei as well as metaphase chromosomes.

1.4.3 Microarray Chromosome Analysis (Chromosomal
Microarray; CMA)

A DNA microarray is a set of DNA fragments that are densely aligned and immobi-
lized as a probe on a solid surface such as a glass.

Array CGH (Array Comparative Genomic Hybridization; aCGH)

In aCGH, the patient’s genomic DNA and the normal control’s genomic DNA are
labeled with different fluorescent dyes and competitively hybridized on a microar-
ray to analyze the copy number of the patient’s genome on each probe region based
on the fluorescence intensity ratio.

SNP (Single Nucleotide Polymorphism) Array

Using fragmented DNA probes specific for SNPs (SNVs),? copy number variation,
mosaicism, and uniparental disomy (UPD) can be detected, based on the total probe
signal intensity and the values displayed in color that indicate the relative quantity
of the one allele compared to the other.

1.4.4 Analysis Using Next-Generation Sequencers (NGS)

Now with the availability of next-generation sequencers (NGS), whole genome
sequencing (WGS) and whole exome sequencing (WES), which analyzes only
exons, have been applied to the diagnosis of cryptic and complex chromosome
structural abnormalities.

%A variation at a single site in the genome sequence is termed as SNP (single nucleotide polymor-
phism) or single nucleotide variants (SNV), where the latter is now considered preferable because
it is a more comprehensive term [2].
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2 Possible Associations Between Genetic Factors, Including
Chromosomal Abnormalities, and Cerebral Palsy

With the recent improvement of resolution of genetic testing (Fig. 1), the difference
between chromosomal abnormalities and other genetic disorders is becoming indis-
tinct and narrower. Therefore, here we discuss possible associations between genetic
factors, including chromosomal abnormalities, and cerebral palsy (CP).

2.1 Study Results That Indicate Involvement of Genetic
Factors in the Cause of Cerebral Palsy

An increasing amount of evidence has been gathered over the years.

2.1.1 Indirect Evidence from Epidemiological Studies and Other
Sources [4-6]

The indirect evidence is as follows: (1) the prevalence of CP is higher in males than
females; (2) monozygotic twins are more concordant for CP than dizygotic twins; (3)
patients with CP frequently present with intellectual disability, epilepsy, autism, and
attention deficit/hyperactivity disorder, all of which have well-known causative asso-
ciation with genetic factors; (4) the risk of CP is higher in consanguineous marriage;
and (5) patients with CP frequently have multiple morphological abnormalities.

2.1.2 Evidence from Genetic Analysis

e CP is one of the symptoms of some Mendelian genetic diseases (e.g., Angelman
syndrome, Rett syndrome, and Coffin-Lowry syndrome) [4, 5].

e An increasing number of new genes responsible for CP, which follow Mendelian
mode of inheritance, are being identified (e.g., KANKI1, ZC4H2, GADI1, AP4El,
APAM1, AP4B1, AP4S1) [4, 5].

e A group of candidate genes for susceptibility to CP has been identified [5] [e.g.,
factors associated with hereditary thrombophilia, genes involved in increased
inflammatory cytokines (associated with the development of CP in preterm
infants)].

* Pathological copy number variations (CNVs)? are present in 10-31% of cerebral
palsy patients [5-7].

A copy number variation (CNV) is a deletion (one copy or absence, instead of the usual two cop-
ies) or duplication (three or more copies) of DNA over 1000 base pairs in length on a chromosome.
CNVs are found in approximately 12% of the human genome. Such variations can be normal (so-
called polymorphism) or pathological (e.g., associated with Mendelian hereditary diseases or sus-
ceptible to multifactorial diseases).
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* Whole exome analysis has revealed various gene mutations (e.g., point muta-
tions) in patients with cerebral palsy [5-7] [e.g., genes involved in neuronal con-
nections (TUBA1A, CTNNB, FBOX31, RHOB)] [7].

2.2 Mechanism of Cerebral Palsy Due to Genetic Factors

Studies have shown that at least two factors, environmental factors (e.g., hypoxia
and infection) and genetic factors (e.g., chromosomal abnormalities, genetic abnor-
malities, and genomic diversity), are likely involved in the onset of cerebral palsy.
In this context, cerebral palsy is a multifactorial disease. However, cerebral palsy
can also be caused by mutations in a single gene, so it is also a monogenic disease.

During delivery, the fetus is exposed to the stress of hypoxia. However, very few
infants develop cerebral palsy. Although hypoxic-ischemic encephalopathy (HIE)
occurs in 0.2% of term infants, cerebral palsy occurs in only 0.03%. This difference
may be explained by genetic susceptibility, as Schaefer [8] explained by using the
example of Sotos syndrome. Sotos syndrome is one of the overgrowth syndromes
caused by mutations in the NSD1 gene or micro-deletions in the 535 region con-
taining the NSD1 gene. In Sotos syndrome, disproportionate macrocephaly and
other phenotypes seem to predispose to a more difficult childbirth, which could
contribute to the onset of cerebral palsy. Indeed, periventricular leukomalacia (PVL)
occurs in 20% of neonates with Sotos syndrome [8].

Individual susceptibility to disease varies according to genetic background.
Infants genetically susceptible to cerebral palsy may easily develop the disease even
when the influence of environmental causal factors (e.g., hypoxia, infection)
is small.

3 Chromosomal Abnormalities as a Possible Cause
of Cerebral Palsy: Current Status and Future Projections

3.1 Report of Cerebral Palsy Due to Chromosome
Aberration (Japan)

In a survey of 569 children with cerebral palsy, who were born during a 24-year
study period from 1977 to 2000 and were residents of Shiga Prefecture at the begin-
ning of schooling, chromosomal abnormalities were presumed to be a causal factor
in five cases (0.9%). The chromosomal abnormalities found in the five cases were
as follows: 9 trisomy mosaic, 8p trisomy, 46, XY, —21+mar, 46, XX, 16gh+, and 46,
XX, 9gh+ [9]. In this study, the cytogenetic data were likely obtained using the
conventional chromosomal banding techniques.
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In the future, high-resolution genetic tests (Fig. 1) are expected to become more
widely available, and the associations between cerebral palsy and “fine” chromo-
somal abnormalities, including micro-deletions, micro-duplications, and copy num-
ber variations, will become clearer. Therefore, future investigations in Japan, as well
as in other countries, will reveal a larger contribution of chromosomal abnormalities
to the development of cerebral palsy.

3.2 Toward Personalized Medicine in the Treatment
of Cerebral Palsy

In 2018, a group from Tohoku University reported the results of genetic analysis
(mainly whole exome analysis) performed on 17 patients, who were born at full
term and diagnosed with cerebral palsy but were without specific findings on brain
MRI, and their parents. Nine patients were found to have pathogenic or likely patho-
genic candidate gene variants (de novo mutations in seven), which are known to be
relevant in neurodevelopmental disorders [10]. In recent years, an increasing num-
ber of studies have reported similar results, and a considerable number of other
genetic disorders can be found in patients with cerebral palsy-like symptoms [5-7],
thus driving forward the application of genetic analysis using NGS for elucidation
of the underlying mechanisms of cerebral palsy and its masqueraders [11]. The
clarification of each patient’s underlying genetic pathoetiology may enable preci-
sion medicine, leading to optimization of therapeutic interventions. The cost of
NGS is decreasing year by year, and the costs of whole genome analysis and whole
exome analysis have become almost comparable. As whole genome analysis pro-
vides richer information and is more versatile, it will rapidly become popular in use
for explicating the genetic etiology of cerebral palsy and its masqueraders. Cerebral
palsy has long been something of an umbrella diagnosis encompassing a heteroge-
neous group of etiologies [6]. In the near future, its disease concept and diagnostic
criteria could change dramatically.
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Summary

» Congenital morphological abnormalities occur in about 15% of patients
with cerebral palsy.

* Morphological abnormalities are more frequent in patients with cerebral
palsy [1].

1 Association with Cerebral Palsy

About 12-15% of patients with cerebral palsy have congenital morphological
abnormalities [2], and according to the Surveillance of Cerebral Palsy in Europe
(SCPE) [2], of the 547 patients with congenital morphological abnormalities, cere-
bral nervous system abnormalities accounted for 72%. In addition, morphological
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Table 1 Fetal congenital malformation in patients with cerebral palsy

Cerebral malformations e Hydrocephalus

¢ Microcephaly

* Holoprosencephaly
e Lissencephaly

e Schizencephaly

¢ Porencephaly

e Hydroencephalus

Non-cerebral malformations ¢ Cardiac congenital heart disease

¢ Abnormalities of the facial bones and skull

¢ Ocular abnormalities

e Cleft palate

e Abnormalities of the larynx and trachea

¢ Diaphragmatic hernia

¢ Malformations of the renal and urinary systems

abnormalities other than those of the central nervous system were observed in vari-
ous organs (Table 1). Of these, 8% were syndromes with multiple morphological
abnormalities, and chromosomal abnormalities were observed in 2%.

Although the cause of cerebral palsy in children with cerebral malformations is
not clear, it is thought to be related to disturbances in the formation and mainte-
nance of cranial nerve circuits from prenatal to neonatal. Some brain morphological
abnormalities have also been associated with chromosomal abnormalities.

Although many morphological abnormalities other than those of the central ner-
vous system are not known to cause cerebral palsy, postnatal hypoxia can cause
cerebral palsy in laryngeal and bronchial abnormalities (laryngomalacia, airway
stenosis, tracheal aplasia, etc.) and diaphragmatic hernia. In addition, in cardiac
congenital heart disease, postnatal decrease in oxygen supply to the brain due to
closure of the foramen ovale, ductus arteriosus, and ductus venosus may affect the
brain [2].

2 Ventriculomegaly

Ventricular enlargement is caused by overproduction, obstruction, or impaired
absorption of cerebrospinal fluid and occurs at a frequency of 0.3—1.5 per 1000. It is
diagnosed when the atrial width of the lateral ventricles (AW) is 10 mm or more on
fetal ultrasonography [3]. The method of measuring the lateral ventricles is shown
in Fig. 1. In addition, 10-15 mm is typically categorized to as “mild” (Fig. 2a), and
>15 mm as “severe” (Fig. 2b). Hydrocephalus is also suspected when the choroid
plexus, which normally fills the ventricles, becomes detached from the walls of the
ventricles and appears to be hanging within the ventricles (dangling choroid plexus)
(Fig. 2c). After birth, hydrocephalus is confirmed by ultrasonography, computed
tomography (CT), and magnetic resonance imaging (MRI) when ventricular and
head circumference enlargements are present.
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Fig. 1 Measurement of YES
fetal ventricles. Measure

inside to inside at the level

of the choroid plexus

NO

3 NO
Choroid plexus NO

Lateral
ventricle

1D 19.0mm

dangling choroid
plexus

Fig. 2 Ventriculomegaly and hydrocephalus. (a) Mild ventriculomegaly. The lateral ventricular
triangle (atrium width (AW)) is 12.9 mm. (b) Severe ventriculomegaly. AW is 19.0 mm. (c)
Hydrocephalus. The choroid plexus is separated from the ventricles, and a dangling choroid plexus
is present

Both ventriculomegaly and hydrocephalus are used almost synonymously as
enlargement of the lateral ventricles, but they have different definitions.
Hydrocephalus is a condition in which the ventricles are enlarged due to an increase
in cerebrospinal fluid (CSF) volume, resulting in an increase in intraventricular
pressure and a larger head. In utero, ventricular pressure cannot be measured, and
the term “ventriculomegaly” is often used. Diseases associated with ventricular
enlargement are shown in Table 2.
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Table 2 Diseases associated with ventriculomegaly

Primary e Isolated ventriculomegaly

hydrocephalus Arnold-Chiari malformation

¢ Dandy-Walker syndrome

e Holoprosencephaly

* Encephalocele

e Craniosynostosis

e Arachnoid cyst

» Corpus callosum agenesis

¢ Chromosomal abnormalities (trisomy 13, 18, 21)
e X-linked hydrocephalus

Secondary e Hydrocephalus associated with intracranial hemorrhage

hydrocephalus e Hydrocephalus associated with brain tumor

* Hydrocephalus associated with infection (TORCH syndrome)

e Hydrocephalus associated with vascular disorders (vena cava of Galen,
congenital dural arteriovenous fistula, hydrocephalus)

The prognosis depends on the underlying disease, but the enlarged ventricles
may cause various degrees of cranial nerve disorder due to compression of the brain
and may be complicated by cerebral palsy. Most of the isolated mild ventriculo-
megaly cases have normal neurodevelopment [4], and according to a systematic
review of 11 studies [5], among 95 isolated severe ventriculomegaly cases, 18.6%
had mild neurodevelopmental impairment, and 39.6% had severe impairment.

When ventriculomegaly or increased cerebrospinal fluid (CSF) pressure is
observed after birth, cerebrospinal fluid shunt (ventriculoperitoneal shunt, ventricu-
locardial shunt, ventriculothoracic shunt) or neuroendoscopic surgery (third ven-
triculotomy, choroid plexus cauterization) may be indicated, so cooperation with
neurosurgery is important.

3 Microcephaly

In fetal ultrasonography, microcephaly is suspected when the head circumference
(HC) is less than —3.0 SD according to the criteria of Kuno [6]. After birth, micro-
cephaly is diagnosed when the head circumference is —2.0 SD (third percentile) or
less, based on the Japanese Society of Pediatrics anthropometric standards at birth,
with a frequency of 0.5% [7].

Causes of microcephaly include congenital infections (TORCH syndrome),
chromosomal abnormalities, teratogens (alcohol, paint thinner, radiation), and sin-
gle fetal deaths in monochorionic twins.

Microcephaly causes secondary impairment of brain development; smaller HCs
are more frequently complicated by other morphological abnormalities, as well as
cerebral palsy and mental retardation [7, 8]. In addition, there is often no neurologi-
cal disorder at —2.0 to —3.0 SD [9].
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There is no curative treatment for microcephaly; symptomatic treatment and
treatment of the underlying disease are indicated.

Circumferential diameter
HC: head circumference

4 Holoprosencephaly

Holoprosencephaly is a congenital morphological abnormality of the central ner-
vous system and midface caused by incomplete separation of the forebrain into the
left and right hemispheres during early development. It is classified into three types
according to the degree of separation into the left and right hemispheres: alobar,
semilobar, and lobar type.

Alobar type: lack of separation of the left and right cerebral hemispheres, resulting
in a huge single ventricle. It accounts for 40—75% of all holoprosencephaly.

Semilobar type: the occipital lobe is divided into left and right, but the frontal and
parietal lobes are fused (Fig. 3).

Lobar type: the cerebrum is almost divided into left and right, but part of the frontal
lobe is not separated.

It occurs at a frequency of 1 in 10,000-15,000, but in early aborted fetuses, the
frequency is 1 in 250 [10]. It is diagnosed when the left and right ventricles are
fused by ultrasonography or MRI before and after birth, but prenatal diagnosis may
be difficult in mild cases. Facial malformation such as cyclopia, interocular narrow-
ing, long nose, hypoplastic nasal bridge, and cleft lip and palate may also be pres-
ent. In addition, chromosomal abnormalities such as 13-trisomy, 18-trisomy, and
triploidy are often present [11].

Fig. 3 Holoprosencephaly
(semilobar type). If the
occipital region is divided
into left and right, the
ventricles of the frontal
and parietal lobes and
thalamus are fused
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The prognosis for life is poor, but some mild cases survive to the age of
10-19 years [12]. Cerebral palsy and mental retardation are common due to cerebral
dysplasia in children born with total holoprosencephaly. Epilepsy and hydrocepha-
lus are also seen. Hormone replacement therapy is required in cases with abnormali-
ties of the hypothalamus or pituitary gland.

5 Lissencephaly

Lissencephaly is caused by impaired neuronal migration during the formation of the
cerebral cortex. It is estimated to occur in 1 in 100,000 people.

Cerebral sulcus formation is seen after 26 weeks of gestation on a brain surface
that appears relatively smooth. On fetal ultrasonography, a diagnosis can be made
when the sulci are reduced or absent, but it is difficult to diagnose lissencephaly
alone. MRI is useful for diagnosis and is characterized by a broad cerebral gyrus
and thick cerebral cortex.

The clinical severity of the disease is roughly proportional to the degree of dam-
age to the gyrus formation, and in severe cases, cerebral palsy, mental retardation,
and epilepsy may also occur. Symptomatic treatment is the mainstay of therapy.

6 Schizencephaly

Schizencephaly is an anomaly of the brain in which a fissure extends from the ven-
tricles to the surface of the cerebral hemispheres and is caused by impaired migra-
tion of neurons. The cortex of the lesion often shows polymicrogyria. In addition to
cortical ischemia, environmental factors such as infection, intoxicants, and trauma
have been suggested to be the cause.

It is suspected in the presence of a fissure on fetal ultrasonography. The diagnosis
is made when MRI of the head shows a lesion around the Sylvian fissure, and the
cerebral cortex is continuous with the supraventricular cortex.

Severe mental developmental disorders, cerebral palsy, and epilepsy are observed,
and symptomatic treatment is the mainstay of therapy.

7 Porencephaly

Porencephaly is a cavernous or cystic lesion which communicates with ventricles
within the cerebral hemispheres, occurring at a frequency of 3.5 in 100,000. It is
thought to be caused by impaired blood flow in the third trimester, and maternal
blood disorders, hypotension, trauma, carbon monoxide poisoning, placental abnor-
malities, single fetal death in monochorionic twins, and fetal cerebrovascular dis-
ease have been reported.
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It is suspected when cystic lesions are found on fetal ultrasonography and should
be differentiated from lissencephaly and arachnoid cysts. After birth, it is diagnosed
by CT or MRI, and traffic between the cyst and the ipsilateral ventricle is observed.

Symptoms vary depending on the location and size of the lesion and include
cerebral palsy, epilepsy, cognitive impairment, and partial blindness. Treatment is
symptomatic.

8 Hydranencephaly

Hydranencephaly is the loss of cerebral hemispheric structures and their replace-
ment by cystic structures filled with cerebrospinal fluid. It is not an abnormality of
brain tissue development, but is thought to be caused by the destruction of once-
formed brain tissue for some reason. The frequency of occurrence is estimated to be
0.02%. Causes include maternal infection with syphilis, toxoplasma, or cytomega-
lovirus during the fetal period, trauma, anoxia, radiation exposure, anemia, and
single fetal death in monochorionic twins. The most commonly proposed mecha-
nism is bilateral occlusion of the internal carotid artery [13].

It is diagnosed when most of the cerebral hemispheres are absent on fetal ultra-
sonography and MRI, but it must be differentiated from hydrocephalus and holo-
prosencephaly. It can be diagnosed by postnatal EEG and MRA.

Severe cases result in stillbirth or early death. In cases with hydrocephalus, ven-
triculoperitoneal shunt and neuroendoscopic surgery (choroid plexus cauterization)
have been tried [14]. Depending on the extent of the cerebral defect, patients may
present with excessive excitability, dysphagia, seizures, and cerebral palsy. In uni-
lateral cases, various degrees of hemiplegia may occur, but the prognosis is good.

Congenital malformations of the cerebral nervous system and cerebral palsy
were outlined. Radical treatment of cerebral morphological abnormalities is diffi-
cult and mainly consists of symptomatic treatment such as ventriculoperitoneal
shunt for hydrocephalus, antiepileptic drugs for epilepsy, and rehabilitation.
Although prenatal diagnosis is not directly linked to improved prognosis, it can be
useful for prenatal counseling of patients and information sharing with other depart-
ments. On the other hand, prenatal diagnosis enables early intervention in cases
such as hydrocephalus, for which cerebrospinal fluid shunt or neuroendoscopic sur-
gery is indicated.
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Summary

» Congenital cytomegalovirus infection or congenital toxoplasmosis causes
lesions in the central nervous system and inner ear, resulting in severe
sequelae.

* Maternal antibody screening is not recommended for in utero infection
with either cytomegalovirus or Plasmodium falciparum toxoplasma.

*  When in utero infection is suspected by fetal ultrasonography or maternal
clinical symptoms, specific IgM antibodies should be measured, and preg-
nant women who test positive should undergo IgG avidity assay.

* Pregnant women with a low IgG avidity index are suspected to be infected
during pregnancy for the first time, and polymerase chain reaction (PCR)
tests using amniotic fluid are used to diagnose in utero infection.

* Prevention of infection in pregnant women is the most important factor in
preventing in utero transmission.
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1 Diagnosis and Problems

Congenital cytomegalovirus (CMV) infection and congenital toxoplasmosis can
occur when a pregnant woman is infected with CMV or toxoplasma parasites.
Infection of pregnant women with these pathogenic microorganisms often goes
unrecognized because of asymptomatic or minimal symptoms, and even if they are
infected, clinical symptoms are difficult to diagnose because of nonspecific
Symptoms.

To diagnose these infections during pregnancy, a serum antibody test should
first be performed on pregnant women to identify those who are positive for spe-
cific [gM antibodies. The specific IgM-positive cases include not only those with
initial infection but also those with persistent [gM antibody-positive cases (cases
that are positive for several months to several years after initial infection) and
other IgM antibody-positive cases. Therefore, the IgG avidity test is performed
to identify pregnant women who have been infected for the first time during
pregnancy among those who are IgM-positive. The IgG avidity index (AI) is low
in the early period of infection (usually within 4 months) because IgG antibodies
have a low affinity for antigens, and low IgG Al is suspicious for first infection
during pregnancy, which increases the risk of in utero infection. Therefore, poly-
merase chain reaction (PCR) test using amniotic fluid should be performed for
pregnant women with low IgG Al to confirm in utero infection after informed
consent.

However, since maternal antibody screening for these infections is not recom-
mended, antibody testing is often performed to diagnose these infections in utero
when nonspecific findings such as fetal ascites, hepatomegaly, and ventricular
enlargement are obtained by fetal ultrasonography.

In the neonatal period, screening for CMV in utero infection is not currently
available for all newborns; however, CMV nucleic acid testing using detection of
CMYV nucleic acid in the urine of newborns within 3 weeks of birth was covered by
insurance (insurance point 850) from January 2018 in Japan. This qualitative test is
performed for the purpose of definitive diagnosis in newborns at risk of congenital
CMYV infection and can be calculated only once when measured by isothermal
nucleic acid amplification.

1.1 Problems with the IgM Antibody Test

It is difficult to diagnose the congenital infection during pregnancy only by IgM
antibody test, because there are some reasons for the elevation of IgM such as per-
sistent [gM, CMV reactivation, and reinfection with different CMV strains [1].
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1.2 Problems with IgG Avidity Assay

There are some limitations in this test as follows [1].

1. The range of thresholds for determining low or high levels of IgG Al is wide and
depends on the test kit used.

2. Because the affinity of IgG antibodies becomes stronger as time passes after the
initial infection, the interpretation of the value changes depending on the time of
testing.

3. In the case of CMYV, it has been reported that some cases show low IgG Al for a
long period of time (more than 18 weeks) and that IgG antibody affinity becomes
stronger earlier when in utero infection occurs.

4. The IgG avidity test is not covered by insurance in Japan.

2 Relationship with Cerebral Palsy (Pathophysiology)
and Current Status

2.1 Congenital CMV Infection

The incidence is about 0.3% of all births. Congenital infection occurs in 40% among
the primary infected pregnant women. Of these, 20% are symptomatic, and 80% are
asymptomatic infection at birth. Mental retardation, motor impairment, and deaf-
ness occur in 90% of symptomatic children. On the other hand, deafness and mental
retardation occur in 10-15% of asymptomatic infected children.

Congenital CMV infection causes lesions in the central nervous system, inner
ear, and eyes, which may lead to severe sequelae. In a mouse model of in utero
infection, it has been suggested that the infection spreads from the choroid plexus to
the ventricular wall and then to the cerebral cortex [2]. The infection of undifferenti-
ated neuronal progenitor cells in the ventricular wall affects their differentiation into
neurons, glial cells, oligodendroglia, and cortical formation, resulting in microceph-
aly and cortical dysplasia.

2.2 Congenital Toxoplasmosis

The incidence is estimated to be 1.26 per 10,000 live births under the condition of
maternal antibody screening and maternal treatment [3]. Symptoms in newborns
include microcephaly, blindness, epilepsy, mental retardation, and petechial hemor-
rhage, in addition to the three main symptoms of hydrocephalus, intracerebral cal-
cification, and retinochoroiditis. Even if the infection is subclinical, there is a risk of
developing late lesions in the eye by puberty.
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Although the fetal infection rate is low in the first infection in early pregnancy,
the disease is known to be severe when it infects the fetus [4]. Toxoplasma gondii
invade the mother through the mucous membrane of the gastrointestinal tract,
invade leukocytes including macrophages, and spread hematogenously throughout
the body. Because the placenta is a tissue that is susceptible to Toxoplasma infec-
tion, cysts are formed, and persistent infection occurs. Although the placental
defense mechanism prevents fetal infection to some extent, the fetal brain, liver, and
other vital organs may be infected. It is thought to take several months from mater-
nal infection to the establishment of fetal infection [4].

3 Toward Prevention

Since there is no effective vaccination, it is important to know the mode of human
infection and to take measures to prevent infection in pregnant women. As for toxo-
plasmosis, drug therapy is available for IgM-positive pregnant women and for preg-
nant women with confirmed in utero infection.

3.1 Congenital CMV Infection

CMYV can infect any organ and is excreted in saliva, urine, milk, semen, and cervical
mucus. In particular, since infants asymptomatically excrete CMV in urine and
saliva, pregnant women raising infants and pregnant women working at nursery
schools and kindergartens should be fully aware of the risk of infection and care for
their infants with attention to cleanliness. Table 1 shows the contents of the

Table 1 Contents of education and awareness raising for pregnant women to prevent vertical
transmission of cytomegalovirus (Modified from Ref. [5])

Explain that contact with the saliva or urine of children who may contain cytomegalovirus
should be avoided if possible

Wash your hands frequently with soap and water for 15-20 s after the following activities:

* Diaper change

e Serving children, wiping children’s faces and slobber
* Touch the child’s toys
Do not share food, drinks, or dishes with children

Don’t put your pacifier in your mouth

Do not share toothbrushes

When kissing a child, avoid saliva contact

Keep toys, counters, and areas that may come in contact with saliva and urine clean
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“Cytomegalovirus Pregnancy Management Manual” regarding the education and
awareness of pregnant women to prevent infection [5]. These basics of “frequent
handwashing and hand disinfection” and “avoidance of three dense” are also funda-
mental to protect pregnant women from many infectious diseases. We believe that
the practice of hygiene instruction will lead to the prevention of maternal transmis-
sion of CMV.

In recent years, it has been reported that there are many more cases of in utero
infection among reinfected cases than previously reported and that symptomatic
infected children occur as often as those infected for the first time. Race, economic
class, and lifestyle affect CMV infection. Therefore, we believe that a large-scale
survey is necessary to understand the situation in Japan.

3.2 Congenital Toxoplasmosis

Human infection with Toxoplasma is caused by oral ingestion of tissue cysts in
inadequately cooked meat or oocysts in feline feces. Pregnant women should refrain
from eating raw meat, cook meat thoroughly to the center, and use separate cutting
boards for meat and other foods. Inactivation of cysts in meat can be achieved by
heating to 67 °C in the center of the meat [6] or freezing to —12 °C in the center [7].
Many disinfectants, including hypochlorous acid and ethanol, are ineffective,
although there have been some cases of infection from environmental sources other
than meat, such as water and soil. Contact with soil, such as gardening or sand-
boxes, contact with infected cats, and ingestion of untreated raw water, such as well
water or spring water, increase the probability of infection.

Administration of the drug during pregnancy may prevent the severity of clini-
cal symptoms in the child. In the case of suspected first infection during preg-
nancy, spiramycin (covered by insurance from August 2018) should be
administered promptly; in the case of IgM antibody positivity, oral spiramycin
tablets should be started without waiting for the results of IgG avidity test, and the
decision to continue or discontinue treatment should be made based on the results
of IgG avidity test. The dose of spiramycin should be 9 million international units/
day/min 3 until delivery. If fetal infection is confirmed by amniotic fluid PCR,
pyrimethamine (100 mg/day for the first 2 days, min 2, and then 50 mg/day until
delivery) and sulfadiazine [75 mg/kg/day (max 4 g/day) for the first 2 days, min
2, and then 100 mg/kg/day (max 4 g/day), min 2] are administered from 16 to
27 weeks of gestation, min 2. Sulfadiazine should not be administered after
28 weeks of gestation because it causes neonatal nuclear jaundice. Since pyri-
methamine inhibits folate synthesis, folinic acid [Leucovorin® (Pfizer Inc.)
5-20 mg/day] should be administered during treatment until 1 week after discon-
tinuation of pyrimethamine [8].
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Summary

» Cerebral palsy is caused by neonatal herpes simplex encephalitis. Neonatal
herpes simplex virus is caused by birth canal infection of maternal geni-
tal herpes.

* InJapan, cerebral palsy caused by neonatal herpes simplex virus infection
is accounted for 0.6% of the 2113 cases of cerebral palsy between 2009
and 2010, covered by the Japan Obstetric Compensation System for
Cerebral Palsy.

* Pregnant women with genital herpes are treated with antiviral drugs, and
an elective cesarean section is performed to prevent mother-to-child trans-
mission when vulvar lesions are present at the time of delivery or when the
infection has just occurred.

* Genital herpes is classified into first-episode primary infection, first-epi-
sode non-primary infection and recurrence, and is often asymptomatic.
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1 Overview of the Underlying Disease
(Perinatal Complications)

Genital herpes is an infectious disease caused by herpes simplex virus (HSV) type
1 (HSV-1)/2 (HSV-2). HSV-1 mainly infects the face, and HSV-2 mainly infects the
vulva, but genital herpes caused by HSV-1 is also common. After sexual contact,
HSV-1 infects the cutaneous mucosa and proliferates at the site of infection. Then
HSV-1/2 ascends the sensory nerves and causes latent infection of the ganglia.
Genital herpes is clinically divided into primary infection and recurrent herpes out-
breaks. Primary infection is divided into first-episode primary infection and first-
episode non-primary infection. Women with first-episode primary infection are
infected with genital herpes for the first time, and women with first-episode non-
primary infection has antibodies but has been asymptomatic and has been reacti-
vated due to a decrease in immune function. The recurrence rate is higher in HSV-2
[1]. The main symptoms are blisters and shallow ulcerative lesions with severe pain
on the vulvar mucosa, vaginal wall, and cervix. In the first-episode primary infec-
tion, the levels of HSV in the genital tract are highest, and patients have symptoms
of fever above 38 °C, dysuria, and difficulty walking.

Eighty-five percent of mother-to-child transmission route are birth canal infec-
tion, followed by horizontal transmission after birth (15%) and intrauterine infec-
tion (5%). HSV-1 has been reported to have a higher mother-to-child transmission
rate than HSV-2 [1].

If blisters and shallow ulcerative lesions are observed during pregnancy, antiviral
therapy should be administered by the suitable route of administration (percutane-
ous, oral, or intravenous), depending on the type and the time of onset and the extent
of the lesions. Cesarean delivery should be chosen to prevent infection of the birth
canal if the patients have blisters and shallow ulcerative lesions and infect genital
herpes within 1 month of the onset of the first-episode primary infection without
lesions and within 1 week of the onset of the first-episode non-primary infection or
recurrence [2].

Eighty percent of mothers with genital herpes have no symptoms during preg-
nancy, so it is difficult to prevent all mother-to-child infections with management
based on skin lesions [3].

The incidence of neonatal herpes in Japan was estimated to be 2.6 per 100,000
live births from 2006 to 2008, in a nationwide survey on congenital and perinatal
complications conducted by the Japanese Society for Pediatric Infectious Diseases.
The frequency of neonatal herpes is following congenital CMV infection, hepatitis
B virus (HBV), and hepatitis C virus (HCV) in mother-to-child infection [4].

2 Pathophysiology Associated with Cerebral Palsy

Neonatal herpes simplex encephalitis is considered to cause cerebral palsy (CP).
Neonatal herpes is classified into disseminated disease, central nervous system
(CNS) disease, and skin, eye, and/or mouth (SEM) disease in order of severity, and
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herpes simplex encephalitis occurs in the disseminated disease and CNS disease
types. In childhood and adulthood, herpes simplex encephalitis occurs when a pri-
mary infection or reactivated HSV neurologically invades the brain. On the other
hand, neonatal herpes simplex encephalitis develops when HSV causes viremia,
hematogenously spreads throughout the body, crosses the blood-brain barrier, and
reaches the central nervous system. For this reason, the onset of neonatal herpes
simplex encephalitis is often delayed by several days compared with other types. In
childhood and adulthood, herpes simplex encephalitis lesions are confined to the
anterior and temporal lobes, but in neonatal herpes, the disease can be in whole
brain. As a proof of this, HSV-DNA is detected in the blood as well as cerebrospinal
fluid of infected neonates [5].

3 Current Status of Underlying Diseases in Cerebral Palsy

Among the 2113 CP cases that occurred after January 2009 and for which causal
analysis reports were sent to children, parents, and delivery institutions by the end
of September 2018, 13 cases (0.6%) were attributed to herpes simplex encephalitis
in Japan [6]. In all ten of these published summary causal analysis reports, manage-
ment during pregnancy was described as common, there was no mention of a sus-
pected genital herpes lesion in the mother, and the diagnosis was confirmed by
examination of the spinal fluid and blood of the birth child.

The incidence of neonatal herpes in Japan was 38 cases in a nationwide survey
conducted by the Japanese Society for Pediatric Infectious Diseases from 2006 to
2008, and 25 cases, excluding 1 case of congenital HSV infection and 12 cases with
insufficient data, were classified into 10 (40%) cases as disseminated disease, 10
(40%) cases as CNS disease, and 5 (20%) cases as SEM disease, respectively. The
most severe disseminated disease case’s mortality rate is 30% [4]. In the 2013 US
review, 2/3 cases of disseminated disease, which accounts for 25% of the cases of
neonatal herpes disease, develop herpes simplex encephalitis, and CNS disease,
whose central pathology is herpes simplex virus, accounts for about 30% of cases of
neonatal herpes disease [3]. It has also been reported that among patients with CNS
disease, mortality is associated with prematurity and patients with seizures at the
start of antiviral therapy have a poor prognosis [7].

4 Toward Prevention

To prevent herpes simplex infection of the birth canal, when vulvar lesions are pres-
ent at the time of delivery or when delivery occurs soon after infection, cesarean
section should be selected. The effectiveness of cesarean section in preventing
mother-to-child transmission of genital herpes has been demonstrated by a report
that newborns born to asymptomatic mothers have a higher infection rate than new-
borns born to mothers with vulvar lesions because they are delivered by cesarean
section to prevent infection [1].
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There is the way to measure type-specific antibodies. But it is not easy in Japan
because the test is not covered by health insurance. Even if HSV antibodies are posi-
tive, mother-to-child transmission is more likely to occur if the mother is infected
just before delivery [8]. Recurrence suppression therapy with antiviral drugs is also
not recommended due to its insufficient consideration of effectiveness and fetal
toxicity. On the other hand, if the patient is negative for both HSV-1 and HSV-2
antibodies, we can consciously instruct them not to have unprotected sexual
intercourse.

Vaccines, which are a general method of preventing infectious diseases, are still
in the research stage. There are several reports about a vaccine against HSV-2. The
onset of genital herpes is suppressed by administering the vaccine to women who
were negative for both HSV-1 and HSV-2 antibodies [9]. And another report said
that the vaccine suppressed genital herpes infection caused by HSV-1 but not by
HSV-2 [10]. The efficacy of the vaccine has not been established, and the target of
vaccine administration has been limited in the previous reports. It is hoped that
further research will lead to the development of a practical vaccine.

It is necessary to accept the fact that HSV is the cause of CP in newborns by the
neonatal herpes simplex encephalitis. Neonatal herpes is mainly caused by maternal
genital herpes transmitted through the birth canal. To prevent CP by neonatal herpes
simplex encephalitis, it is important to take the prophylactic measures recom-
mended in the guidelines and to observe the presence of vulvar lesions more closely
just before delivery. In addition, it is important to inform the public that most mater-
nal genital herpes infections are asymptomatic and that even asymptomatic infec-
tions can cause serious neonatal herpes. And it is also important to instruct women
to use condoms and avoid unprotected sexual contact.
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Summary

e The risk factors for the development of perinatal brain injury in multiple
pregnancies especially in cerebral palsy are prematurity and premature
birth [1] and complications through anastomotic vessels in monochorionic
placenta (e.g., twin-to-twin transfusion syndrome, acute feto-fetal hemor-
rhage due to single fetal demise, twin anemia polycythemia sequence) [2].
Therefore, it is important to understand the pathophysiology of complica-
tions specific to monochorionic twins.

* Even if there are no specific complications, the blood flow transfer between
the two fetuses through the anastomotic vessels itself may be a risk factor
for the development of perinatal brain injury in monochorionic twins.
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1 Perinatal Complications in Twins

There are various potential causes of perinatal complications in twins, particularly
perinatal brain injury, including cerebral palsy (CP). There is no difference between
singleton and multiple pregnancies in factors such as infant prematurity, infection,
impaired brain development, and multiple malformations. However, the frequency
of brain damage due to prematurity is increased in multiple pregnancies because of
the higher preterm birth rate than singleton.

The incidence of perinatal brain damage is estimated to be about 0.1-0.2% in
singleton pregnancies and 1-2% in twin pregnancies. There is no difference in the
incidence of cerebral palsy between singleton and twin pregnancies when the birth
weight is less than 1500 g. However, cerebral palsy was significantly increased in
twin pregnancies when comparing birth weights of 2500 g or more or total birth
weight (Table 1) [1]. This suggests that there are factors other than preterm birth and
prematurity that increase perinatal brain damage in twin pregnancies. Perinatal out-
comes differed by chorionicity and amnionicity, where monochorionic diamniotic
(MCDA) twins are three to four times more frequent than dichorionic diamniotic
(DCDA) twins in perinatal mortality (4.4—7.5% vs. 1.7-1.8%) and neurological
sequelae are also three to nine times higher risk for MCDA twins compared to
DCDA twins (5.5-16.4% vs. 1.7-2.4%) [2, 3]. In MCDA twins, the presence of
vascular anastomoses in the shared placenta complicates the pathophysiology, and
conditions characterized by “imbalance of blood flow in twins” such as twin-twin
transfusion syndrome (TTTS), acute feto-fetal hemorrhage due to single fetal
demise, selective fetal growth restriction, and twin anemia polycythemia sequence
(TAPS) (Fig. 1) are specific factors in perinatal brain damage. In addition, even if
these perinatal complications do not occur, the transfer of blood flow between the
two fetuses through the vascular anastomoses itself may be a risk for the develop-
ment of perinatal brain damage in monochorionic twins.

1.1 Conditions of MCDA Twins Associated with Cerebral Palsy

The pathophysiology specific to MCDA twins is caused by vascular anastomoses in
the placenta, but it is not possible to classify by the pattern of the anastomoses.
Therefore, understanding the pathophysiology by classifying clinical symptoms

Table 1 Frequency of cerebral palsy (CP) per 1000 live births by birth weight (Modified from
Ref. [1]). The frequency of cerebral palsy is predominantly increased in twins compared with
singletons when the birth weight is more than 2500 g

Birth weight Singleton Twin Phase versus risk, p-value
<1500 g 56.1 61.3 1.09 (0.84-1.42), NS
15002499 g 9.7 9.4 0.97 (0.74-1.28), NS
>2500 g 1.3 4.6 3.44 (2.47-4.80), p < 0.001
Total weight 2.0 10.5 5.16 (4.39-6.06), p < 0.001
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twin-twin transfusion
syndrome (TTTS)

Imbalance of

amniotic fluid

twin anemia polycythemia
sequence/ acute

selective intrauterine
growth restriction

feto-fetal hemorrhage (slUGR)
(TAPS/AFFH) Imbalance of
Imbalance of Hb fetal weight

concentration

Fig. 1 Classification of the pathophysiology of monochorionic twins. In monochorionic twins,
there are characteristic diseases resulting from an imbalance of amniotic fluid volume, an imbal-
ance of fetal growth, and an imbalance of hemoglobin concentration. They overlap with each other
and complicate the pathophysiology. T77T7S twin-twin transfusion syndrome, TAPS twin anemia
polycythemia sequence, AFFH acute feto-fetal hemorrhage, sIUGR selective intrauterine growth
restriction

and causes is important. The clinical manifestations are classified as (1) amniotic
fluid volume imbalance, (2) fetal growth (fetal weight) imbalance, and (3) hemoglo-
bin concentration imbalance, while the causes are classified as (a) blood flow imbal-
ance and (b) placental regional imbalance.

Amniotic fluid volume imbalance includes TTTS when there is a marked imbal-
ance in amniotic fluid volume. Fetal growth imbalance is classified as selective
growth restriction of MCDA twin. Hemoglobin concentration imbalance involves
TAPS when the hemoglobin concentration of the fetus (newborn) is markedly dif-
ferent and the disease develops chronically in the fetal period and acute feto-fetal
hemorrhage (AFFH) when the disease develops acutely in the peripartum period.
Multiple features may be present simultaneously as indicated in Fig. 1. In the TTTS,
if there is little imbalance in the placental region, there is often no weight difference,
and if there is a marked imbalance in blood flow in selective fetal growth restriction,
the TTTS is complicated. If a large amount of blood flow is transferred through the
anastomotic vessels, there will be a difference in the circulatory capacity of the two
fetuses: the donor fetus will have symptoms due to hypovolemia (circulatory fail-
ure, hypotension, decreased urine output, etc.), while the recipient will have symp-
toms due to hypervolemia (hypertension, heart failure, increased urine output, etc.),
which is a condition of TTTS (Fig. 2). However, in the case of a very thin unidirec-
tional anastomotic vessel, symptoms due to only the difference in hemoglobin con-
centration (anemia in the donor fetus and polycythemia in the recipient one) through
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Donor Recipient

. polycythemia

anaemia

hypertension
hypotension

polyuria
oliguria

polyhydramnios
oligohydramnios

cardiac overload
circulatory failure

heart failure

growth restriction
hydrops
renal failure
fetal demise
fetal demise

shunt blood flow

Fig. 2 Twin-twin transfusion syndrome. It is thought to be caused by an imbalance in blood flow
between the two fetuses due to an imbalance in shunt blood flow through vascular anastomoses in
the shared placenta. The final outcome in either twins is fetal demise

the chronic slow blood flow without any symptoms of hyper- and/or hypovolemia
and the diagnosis of TAPS are made [4]. Although both TAPS and AFFH show
marked differences in Hb concentration, they are distinguished by the reticulocyte
count ratio.

2 Twin-Twin Transfusion Syndrome

TTTS is caused by an imbalance of blood flow through vascular anastomoses
between the two fetuses in the shared placenta of MCDA twin. The donor suffers
from circulatory failure due to chronic blood supply (hypovolemia), while the recip-
ient suffers from cardiac failure and fetal hydrops due to chronic volume overload
(hypervolemia). According to the main symptoms of the brain injury in TTTS, in
the recipient, the most common cause is periventricular leukomalacia (PVL) and, in
the donor, intracranial hemorrhage.

The diagnostic criteria of TTTS are polyhydramnios due to polyuria (maximum
vertical pocket >8 cm, large bladder) and oligohydramnios due to oliguria (maxi-
mum vertical pocket <2 cm, small or invisible bladder) [5]. The incidence of TTTS
is reported as 5-10% in MCDA twins [3, 6, 7]. The first-line treatment for early-
onset TTTS (before 26 weeks’ gestation) is fetoscopic laser photocoagulation (FLP)
of communicating vessels. In addition, FLP prevents acute ischemia and hypoten-
sion due to the AFFH with the intrauterine fetal demise of one fetus after
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elimination of the vascular anastomoses, which contributes to a decrease in the inci-
dence of perinatal brain injury. The survival rate after FLP is 80%, and the neuro-
logical sequelae are around 5-6% [8—12]. In addition, the neurological sequelae of
long-term follow-up are reported to be 11%, of which 40% are cerebral palsy [11].

3 Intrauterine Fetal Demise in MCDA Twin

In MCDA twins, when one fetus dies, acute interfetal blood flow transfer through
anastomotic vessels is induced, and co-twins may cause fetal death or damage to
systemic organs such as the brain and kidneys due to the effects of ischemic changes
such as acute hypotension and anemia (Fig. 3) [13, 14]. According to a recent meta-
analysis, fetal death and neurological sequelae of co-twin were reported to be 41%
and 28%, respectively [15]. There is no evidence that early delivery improves the
perinatal prognosis of surviving twin, because it is difficult to estimate the time
when fetal death occurred and acute interfetal blood flow transfer may have been
caused immediately before fetal death at the time of discovery [16, 17]. There are
also reports of fetal death at less than 16 weeks’ gestation causing brain damage in
the surviving twin [18, 19].

Fetal demise
Blood pressure=0

Acute blood flow transfer

Fig. 3 Blood flow changes in monochorionic diamniotic (MCDA) twin with single fetal demise.
Single fetal demise in MCDA twins can cause severe hypotension and ischemic brain lesions in the
surviving fetus due to acute blood flow transfer through vascular anastomoses in the placenta
because the dead fetus has zero blood pressure
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4 Selective Intrauterine Growth Restriction

Selective intrauterine growth restriction (sIUGR) is fetal growth restriction in
MCDA twin without fetal growth restriction in co-twin. It has the risk of perinatal
brain damage due to vascular anastomoses in addition to the risk of fetal morbidity
in singleton pregnancies [20, 21]. The prognosis of sSIUGR Type I, positive end-
diastolic flow in the umbilical artery (UA), is relatively good, with 96% of infants
surviving without sequelae. However, Type II, absent or reversed end-diastolic flow
in the UA constantly observed during all examinations, and Type III, cyclic absent
or reversed end-diastolic flow of the UA, have a poor prognosis, with 33% of Type
II and 38% of Type III children surviving without sequelae [22]. Especially in Type
II, the frequency of fetal deterioration such as fetal death in smaller twins, neonatal
death, and neurological sequelae is high. Furthermore, Type III is characterized by
a high frequency of neurological sequelae in the larger twin [22, 23]. In addition to
ischemic changes in the surviving infant associated with fetal death of the stunted
fetus, mechanisms such as blood pressure fluctuations associated with rapid blood
flow transfer through anastomotic vessels (especially arterial-arterial anastomosis)
have been postulated as factors in the development of brain damage [9, 20, 24].

5 Twin Anemia Polycythemia Sequence/Acute
Feto-Fetal Hemorrhage

There are groups of disorders which marked hemoglobin differences between the
two infants at birth. These are classified into two groups: the one is acute blood flow
transfer through vascular anastomoses (usually large) in the peripartum period
(AFFH: acute feto-fetal hemorrhage), and the other is slow and chronic blood flow
transfer through anastomotic vessels (usually small) in the fetal period (TAPS: twin
anemia polycythemia sequence). AFFH usually occurs after the onset of labor, and
the hemoglobin difference between the two infants at the time of delivery is marked
(>8.0 g/dL), indicating polycythemia and anemia, but the reticulocyte count does
not differ between the two infants due to acute transfusion. AFFH also occurs at the
time of death of one fetus in MCDA twins through vascular anastomoses. On the
other hand, TAPS is caused by chronic, slow blood flow transfer through small
anastomotic vessels during the fetal period, resulting in a marked difference in
hemoglobin concentration between the two children without any change in circulat-
ing volume (poly- and oligohydramnios). In the case of TAPS, there is a difference
in the reticulocyte count between the two children after birth (hemoglobin differ-
ence between the two children >8.0 g/dL, reticulocyte ratio >1.7) due to chronic
blood flow shifts [4]. The pattern of anastomotic vessels in the placenta (only one or
two thin anastomoses) is informative since TAPS is caused by a small number of
very thin arterio-venous (AV) anastomoses; on the other hand, TTTS is often caused
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by multiple large anastomotic vessels. Two types of TAPS are known: spontaneous
TAPS (about 1-5%) [4, 6, 25-29] and iatrogenic TAPS after FLP for TTTS (about
1-13%). The prenatal diagnostic criteria of TAPS are middle cerebral artery peak
systolic velocity (MCA-PSV) to estimate anemia and polycythemia in both children
[4]. Depending on the severity of the twin anemia polycythemia sequence and
whether it occurs spontaneously or after FLP, neurological sequelae are present in
about 5% of twin anemia polycythemia sequence overall (about 2% in spontaneous
twin anemia polycythemia sequence) [30].

6 Role of Anastomotic Vessels in MCDA Twins

The anastomotic vessels in monochorionic twins are classified into arterio-arterial
(AA) anastomosis, veno-venous (VV) anastomosis, and arterio-venous (AV) anas-
tomosis according to the combination of arteries and veins. The role of the AV
anastomoses is blood transfusion from artery to vein through the placental cotyle-
don: moving blood flow from the arterial side of the fetus to the venous side of the
fetus via vascular anastomoses. The role of the AA and VV anastomoses is more
complex, but they functionally transfer blood flow from one fetus to the other in the
same way as the AV anastomoses, depending on the pressure gradient between the
two fetuses (arterial or venous pressure) and the compression of the placental ves-
sels especially of vein. The direction of transfer is determined by various factors
such as the pressure disparity between the two fetuses and the arteriovenous
branches (which may transfer in either direction) [24, 31, 32] (Figs. 4 and 5).
Therefore, although AA anastomoses may work to correct the imbalance in blood
flow (rescue transfusion), blood pressure fluctuations in one fetus may cause fluc-
tuations in the blood pressure of another fetus (Fig. 4) [20, 24], and repeated unsta-
ble blood pressure fluctuations have been postulated to be one factor in the
development of perinatal brain injury. The fact that there are cases of poor long-term
prognosis even in MCDA twins who had an uneventful delivery [3] may also be due
to unstable blood flow through the anastomotic vessels in MCDA twins.

7 Cerebral Palsy Development Due to Blood Flow Imbalance
of Monochorionic Twins in Japan

In the seventh Report on Prevention of Recurrence, the Japan Obstetric Compensation
System for Cerebral Palsy (2017) reports and makes recommendations on “multiple
births” as a thematic analysis. Of the 1191 published cases, there were 67 pairs of
twins in 72 cases (6%), of which 42 pairs (63%) were MCDA twins. The cause of
cerebral palsy in both children was analyzed in 3 out of 42 MCDA twins and in 1
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Fig. 4 Functional arterio-venous (AV) anastomoses in arterio-arterial (AA) anastomosis. (a)
Unfunction or normal function. If the hemodynamic equator (equilibrium point) is in the position
shown in the figure, each artery will return to its own venous branch, and therefore, no functional
flow shift will occur. (b) Functional AV anastomosis (from II to I). When the hemodynamic equa-
tor is present in the position shown, it acts as a functional arterio-venous anastomosis from Fetus
II to Fetus I through the normal arterio-venous link in Fetus I, resulting in the transfer of blood
flow. AA arterio-arterial, AV arterio-venous
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Fig. 5 Functional arterio-venous (AV) anastomosis in veno-venous (VV) anastomosis. (a) The
VV anastomosis does not have a pressure equilibrium point between the two infants like the AA
anastomosis. If the venous pressure of fetus B is higher than that of fetus A, the blood circulating
in the VV anastomosis will passively flow to fetus A, which has a lower venous pressure, so that
the VV anastomosis is a functional AV anastomosis from fetus B to fetus A. (b) Veins are more
prone to vascular occlusion by compression than arteries. This VV anastomosis is a functional AV
anastomosis from fetal A to fetal B because blood flow does not circulate to fetal A when the vein
on the fetal A side is compressed. VV veno-venous
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out of 23 DD twins. In addition, “imbalance of blood flow in the twin” was the most
common cause in 23 cases (51%), of which 14 cases (61%) were larger twins.
Furthermore, there were 10 (24%) MCDA twin single fetal demise, and 64% of the
estimated onset of cerebral palsy in MCDA twins was before the onset of labor.

This suggests that the onset of cerebral palsy in twin pregnancies is more likely
to be due to “blood flow imbalance” before the onset of labor, especially in MCDA
twins, in addition to possible causes in singleton pregnancies such as hypoxia and
acidemia during delivery and problems with infant prematurity.

8 Toward Prevention of Cerebral Palsy

At present, there is no standard strategy to prevent cerebral palsy in multiple preg-
nancies. However, cerebral palsy may be reduced in multiple pregnancies by acu-
rate diagnosis of chorionicity and amnionicity, and careful monitoring of
monochorionic twin pregnancies such as amniotic fluid volume, fetal weigh, fetal
blood flow measurement.
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Summary

* Complications associated with preeclampsia, such as fetal growth restric-
tion and placenta abruption, result in preterm delivery.

* The association between the development of cerebral palsy and preterm
delivery or fetal growth restriction is widely known; therefore, it is reason-
able to assume that preeclampsia is involved in the development of cere-
bral palsy.

1 Overview of Hypertensive Disorder of Pregnancy

Hypertensive disorder of pregnancy (HDP) has been called “a disease of theories”
[1], and many theories of etiology and pathogenesis have been developed, but a
clear pathogenic mechanism has not yet been elucidated.

The definition of HDP in Japan was revised in 2018 (Table 1) to meet the defini-
tion of the International Society for the Study of Hypertension in Pregnancy
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Table 1 Classification of hypertensive disorders of pregnancy in Japan

JSSHP
classification

Definition

Preeclampsia (PE)

New onset of hypertension

(Blood pressure of >140 mmHg systolic and/or >90 mmHg diastolic) after
20 weeks of gestation accompanied by one or more of the following
new-onset conditions at or after 20 weeks of gestation:

1. Proteinuria

2. Maternal organ dysfunction, including:

* Renal insufficiency (creatinine >90 pmol/L; 1 mg/dL)

e Liver involvement (elevated transaminases with or without right
upper quadrant or epigastric abdominal pain)

* Neurological complications (examples include eclampsia altered
mental status, blindness, stroke, hyperreflexia with clonus, severe
headaches with hyperreflexia, and persistent visual scotomata)

* Hematological complications (thrombocytopenia with platelet count
below 150,000/dL, DIC, hemolysis)

3. Uteroplacental dysfunction (such as fetal growth restriction and
abnormal umbilical artery Doppler wave)

Gestational
hypertension (GH)

GH is persistent de novo hypertension that develops at or after 20 weeks of
gestation in the absence of features of preeclampsia and hypertension that
normalizes by 12 weeks postpartum

Superimposed
preeclampsia
(SPE)

SPE is diagnosed in the following cases:

1. Hypertension that is diagnosed pre-pregnancy or before 20 weeks of
gestation is followed by newly onset proteinuria, liver or renal
involvement without any underlying diseases, stroke, neurological
complications, or hematological complications at or after 20 weeks of
gestation same as written in the preeclampsia

2. Hypertension and proteinuria are diagnosed pre-pregnancy or before
20 weeks of gestation. One or both of the symptoms worsen after
20 weeks of gestation

3. Renal disease, which only involves proteinuria, is diagnosed pre-
pregnancy or before 20 weeks of gestation. Hypertension develops after
20 weeks of gestation

4. Hypertension is diagnosed pre-pregnancy or before 20 weeks of
gestation. Uteroplacental dysfunction develops after 20 weeks of
gestation

Chronic
hypertension (CH)

Hypertension is diagnosed pre-pregnancy or before 20 weeks of gestation
in the absence of features of superimposed preeclampsia

Severity

1. Blood pressure exceeds 160/110 mmHg in GH, PE, SPE, or CH
2. Maternal organ involvement or uteroplacental dysfunction is recognized
in PE or SPE

(ISSHP), and the term “mild disease” was eliminated. As a result, preeclampsia
(PE) was defined as severe disease with or without proteinuria that is complicated
by maternal organ dysfunctions or uteroplacental dysfunction, indicating the impor-
tance of PE management clinically. In addition, with the exclusion of eclampsia and
the addition of chronic hypertension (CH) from the classification, not just pregnancy-
induced hypertension as before but comprehensive management of hypertension
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during pregnancy is now required. However, the pathogenesis of hypertension,
which is the core pathogenesis of HDP, has not yet been elucidated. Normally, the
renin-angiotensin-aldosterone system is elevated during pregnancy [2]. As a result,
the maternal circulating plasma volume increases, but blood pressure does not rise
due to increased resistance to angiotensin II elevated pressure response. Gant et al.
[2] compared the dose of angiotensin II required to increase diastolic blood pressure
by 20 mmHg in normotensive and PE pregnant women and found that PE was not
caused by volume-dependent hypertension but by increased sensitivity to angio-
tensin II.

HDP is found in about 10% of all pregnancies, and PE is associated with 5-7%
of all pregnancies and is responsible for 70,000 maternal deaths and 500,000 neo-
natal deaths worldwide annually [3, 4]. The two-stage disorder theory of PE devel-
opment has been established in many studies [5]. The first stage is a poorly perfused
placenta. Failure of the extravillous trophoblast to infiltrate the myometrium results
in failure of remodeling of the spiral arteries, which leads to hypoxia and impaired
placental blood flow due to decreased blood flow to the intervillous space. This
placental dysplasia could lead to placenta abruption and fetal growth restriction
(FGR). In the second stage, abnormalities in angiogenesis-related factors due to
impaired uterine and placental blood flow cause vascular endothelial cell damage,
which leads to edema of the extremities or/and lung due to increased vascular per-
meability and decreased plasma collagen osmolarity. It also causes cerebral vascu-
lar edema that leads to eclampsia and posterior reversible encephalopathy syndrome.

The association between the development of cerebral palsy (CP) and preterm
birth and FGR is widely known; it is reasonable to assume that PE is involved in the
development of CP, as preterm birth is induced by severe PE and complications of
severe PE-related diseases such as placenta abruption and FGR.

2 Current Status of Hypertensive Disorders of Pregnancy
in Cerebral Palsy Cases

2.1 Therapeutic Preterm Birth

“The Japan Obstetric Compensation System for Cerebral Palsy” was established in
2009 against the background of improving the shortage of obstetricians and secur-
ing the obstetric care provision system with the following objectives:

Objective 1, promptly compensate for the financial burden on children who develop
CP in connection with delivery with and their families.

Objective 2, analyze the causes of the onset of cerebral palsy and provide informa-
tion that will help prevent the recurrence of similar cases.

Objective 3, conflict prevention or early resolution and improve the quality of
obstetrical care.
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The Japan Council for Quality Health Care has reported causal analysis for each
case and recommendations for prevention of recurrence, including one on HDP
based on 4 years of data from 2009 to 2012 [6]. In the review of 534 cases of CP, 45
cases (8.4%) were associated with HDP. Preterm birth, which is one of the risk fac-
tors involved in the development of CP, was reported in 20 cases (44.4%) of the 45
cases included in this analysis.

The incidence of CP was twice higher in the PE group (0.2% vs. 0.1%, P =0.015)
in a retrospective population-based cohort study comparing 9749 pregnant women
with PE and 219,443 normotensive pregnant women [7]. In particular, early-onset
PE of less than 34 weeks of gestation [odds ratio (OR) 8.639 [95% confidence inter-
val (CI): 4.269-17.480]] and small for gestational age (SGA) [OR 2.737 (95% CI:
1.937-3.868)] were independent risk factors. The PE group also had a significantly
higher rate of preterm birth, and complications related to infant prematurity were
also independent risk factors for the development of CP [OR 3.845 (95% CI:
1.252-11.803, P = 0.019)]. Another population-based cohort study based on data
from the Norwegian Cerebral Palsy Registry compared 849 CP children with
616,658 healthy children. This study also stated that neonates born from PE preg-
nant women had a higher incidence of CP [OR 2.16 (95% CI: 1.41-3.30)] than
those born from normotensive pregnant women [8]. In addition, preterm birth and
SGA were the risk factors.

On the other hand, in a study comparing uncomplicated term infants with pre-
term infants with and without PE in 122,476 neonates, the risk of developing CP
was higher in preterm infants without PE [OR 5.88 (95% CI: 3.40-10.17)] than in
preterm infants with PE [OR 8.12 (95% CI: 6.49-10.17)] [9]. It has also been
reported that the risk of developing CP in infants with preterm birth and SGA is
lower in the group with PE than in the group without PE [OR 0.50 (95% CI:
0.33-0.81, P <0.01)] [8]. Considering that magnesium sulfate administration to
pregnant women at risk of preterm birth suppressed the onset of CP in their infants
[risk ratio (RR) 0.68 (95% CI: 0.54-0.87, 5 RCTs = 6145 subjects)] [10], it is pos-
sible that the brain-protective effect of magnesium sulfate administration on PE
may have an influence. However, at present, the level of evidence for the efficacy of
magnesium sulfate for PE in preventing the onset of CP is not established yet [RR
0.34 (95% CI: 0.09-1.26 vs. placebo group, 1 RCT = 2895 women)] [10]. Since
intrauterine infections are implicated in about 40% of all preterm deliveries and
80% of preterm deliveries before 28 weeks’ gestation [11], it is possible that intra-
uterine infections were more involved in the development of CP than PE.

In Cochrane Reviews, the risk of developing CP was higher in the induction of
labor group compared with the expected management group for PE at 24-34 weeks
of gestation [RR 6.01 (95% CI: 0.75-48.14, 1 RCT = 262 patients)] [10], but the
level of evidence was not sufficient to conclude. However, with regard to maternal
prognosis, it is preferable to wait until 37 weeks of gestation if the maternal condi-
tion does not deteriorate after 34 weeks of gestation [10]. In late preterm PE after
34 weeks of gestation and less than 37 weeks of gestation, maternal mortality was
lower in the induction of labor group than in the expected management group, and
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Optimal timing of labor of delivery

Gestational
age 34 35 36 37 38 39 40

Severe PE/SPE

PE/SPE
GH
CH
on no medications
CH

controlled on medications

CH
difficult to control

Fig.1 Optimal timing of labor of delivery. In the case of PE with severe features including mater-
nal organ dysfunction and uteroplacental insufficiency, labor induction is preferable soon after the
diagnosis is made after 34 weeks of gestation. For PE, labor induction during 37 weeks of gestation
is preferable, and for gestational hypertension, labor induction during 37-39 weeks of gestation is
preferable. For chronic hypertension, the optimal timing of labor depends on the status of blood
pressure control. Abbreviations: PE preeclampsia, SPE superimposed preeclampsia, GH gesta-
tional hypertension, CH chronic hypertension

neonatal intensive care unit (NICU) management related to prematurity was higher
in the neonatal prognosis group than in the expected management group, but there
was no significant difference in the incidence of serious complications or neonatal
death [12]. The recommended timing to induce labor in pregnant women with HDP
considering maternal prognosis is shown in Fig. 1, although further study is needed
on the prognosis of the child [12, 13].

Based on a previous report that serum-derived antithrombin was beneficial in
prolonging the gestation period of pregnant women with PE [14], a phase III clinical
trial of a recombinant antithrombin [ACOALAN® (Japan Blood Products
Organization/Kyowa Kirin Co., Ltd.)] for early-onset PE is underway in Japan as of
April 2021. If it is effective, it may reduce the risk of CP associated with prematu-
rity of the baby due to therapeutic preterm birth for PE.

3 Fetal Growth Restriction and Uteroplacental Dysfunctions

According to the aforementioned report of the Committee for the Analysis of Causes
of the Japan Obstetric Compensation System for Cerebral Palsy [15], among the 45
cases with HDP who developed CP, 27 (60.0%) were complicated by placenta
abruption, 23 (51.1%) by umbilical artery blood pH less than 7.0, and 11 (24.4%)
by light for dates (LFD) in the newborn (24.4%). The oxygen concentration in the
intervillous space of normal pregnant women is 6-8%, but the placental circulating
plasma volume of PE pregnant women is 50-70% which is lower than that of
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normal pregnant women due to placental dysplasia, and the oxygen concentration
becomes lower as 2—4% in the intervillous space. About 80% of FGRs occur in the
third trimester, but early-onset FGRs observed in the second trimester are associated
with severe placental insufficiency and fetal hypoxia, and about half of them are
associated with PE. The risk of developing CP in full-term infants was not signifi-
cantly increased by PE alone [OR 1.2 (95% CI: 0.7-2.0)], but significantly increased
when PE was combined with SGA [OR 3.2 (95% CI: 1.5-6.7)] [8]. Hypoxia causes
“brain-sparing effect,” which is a redistribution of blood flow to protect the fetal
brain. However, even if brain-sparing effect works, infants with FGR have more
structural brain defects and smaller circumference than infants born at normal
weight, which may contribute to the development of CP.

In a case-control study comparing the PE group (n = 6487) with the control
group (n = 25,948), the risk of developing placenta abruption at less than 37 weeks
of gestation was twice higher in the PE group [OR 2.2 (95% CI: 1.5-3.3)] [16].
According to the report of the Japan Obstetric Compensation System for Cerebral
Palsy, placental abruption was the most common pathology among single caused
CP. In PE, chronic fetal hypoxia due to placental dysfunction and acute fetal distress
due to placenta abruption were the major factors in the development of CP.

4 Toward Prevention

An imbalance between prostacyclin produced by vascular endothelial cells and
thromboxane A, produced by platelets has been implicated with vascular injury and
coagulopathy in the pathogenesis of PE. Low-dose aspirin inhibits thromboxane A,
production without affecting prostacyclin production by acetylating and irreversibly
inhibiting platelet COX-1. Although low-dose aspirin therapy has been investigated
for the prevention of PE, no conclusions had been made regarding the timing of
administration, dosage, and indications.

In 2017, Rolnik et al. [17] reported that the combination of maternal mean arte-
rial pressure, uterine arterial pulsatility index (PI) and maternal pregnancy-
associated plasma protein A, and placental growth factor in early pregnancy were
used to screen pregnant women at high risk of developing PE, and the 150 mg/day
of aspirin group (822 women) significantly reduced the incidence of PE before
37 weeks of gestation compared with the placebo group (798 women) [RR 0.38
(95% CI: 0.20-0.74, P = 0.004)]. Based on this report, the American College of
Obstetricians and Gynecologists (ACOG) recommends the initiation of low-dose
aspirin at less than 16 weeks of gestation to prevent the onset of PE [18]. According
to the Japanese HDP guideline, low-dose aspirin therapy is considered for women
with a history of PE or preterm delivery associated with PE, which is a high risk to
recur PE in their next pregnancy. However, there have been no reports on the method
of identifying high-risk PE patients and the efficacy of low-dose aspirin in Japanese
patients. Currently, clinical studies are underway to investigate the method of
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identifying high-risk groups for PE and the efficacy of aspirin therapy in Asian
countries including Japan. In the future, low-dose aspirin therapy may lead to the
prevention of CP by reducing the incidence of PE and its related complications.

5 Conclusion

PE is the leading cause of preterm birth and is associated with an increased risk of
CP. Among the women with PE, the optimal timing of delivery should be deter-
mined, taking into account the need to balance maternal disease progression with
neonatal complications.
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Summary

* Preterm labor is a delivery that occurs after 22 weeks’ gestation but before
37 weeks. Preterm labor occurs when the uterine environment becomes
inflamed, the cervix ripens, and the uterine muscle becomes contractile.

* This inflammatory state can directly damage the premature fetus and neu-
rons and glial cells, resulting in ischemia/reperfusion of the neonatal cere-
bral circulation. In addition, the earlier the preterm birth, the greater the
involvement of intrauterine infection and the more the inflammatory sub-
stances. This results in intraventricular hemorrhage (IVH) and periventric-
ular leukomalacia (PVL), which are important factors in the development
of cerebral palsy (CP).

» Although labor suppressants are used to prevent premature births, it is dif-
ficult to treat advanced preterm births, and in recent years, the focus has
shifted to prophylactic treatment of high-risk pregnant women.
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1 Imminent Premature Birth

Preterm labor is a delivery that occurs after 22 weeks and before 37 weeks’ gestation.
Threatened Premature Labor describes a condition in which contractions of the uterus
and opening and retraction of the cervix are progressive and may lead to preterm
labor. Although preterm labor is often treated as a single disease, it is a syndrome that
is complicated by a variety of factors, including infection, vascular lesions, cellular
senescence of the decidua, hyperextension of the uterus, decreased progesterone
action, cervical disease, and stress [1]. These factors trigger changes in the distribu-
tion and balance of immune cells in the uterus that have maintained the pregnancy,
and the cascade of parturition mechanisms is initiated with the breakdown of immune
tolerance [2]. Although the uterine muscle had been stationary until a certain point,
once the cascade of the parturition mechanism is turned on, the intrauterine environ-
ment changes from an anti-inflammatory state to an inflammatory state, the cervix
ripens, and the uterine muscle becomes active and its contractility is enhanced, lead-
ing to parturition [2]. Chemokines and cytokines secreted by various immune cells
and uterine contraction-related proteins (oxytocin receptor, connexin 43, prostaglan-
din receptors) play a central role in the birthing process [1]. Although the fetus and
placenta are grown as a graft by immune tolerance, they are foreign to the mother and
are easily exposed to rejection by preterm birth due to various reasons [2].

The pathophysiology of preterm labor has been elucidated to some extent for
infectious preterm labor, but for other types of preterm labor, the relationship has
been inferred from observational and experimental studies, and many aspects
remain unclear. The routes of infection in infectious preterm labor are ascending,
transplacental hematogenous, and transovarian dissemination. In addition to the
vaginal flora, the intestinal and oral flora are considered to be sources of bacteria,
but about 90% of infections are ascending, and abnormalities in the vaginal flora are
one of the major causes of preterm birth [1].

2 Preterm Premature Rupture of the Membranes (pPROM)

Premature rupture of the membrane (PROM) refers to the failure of the fetal mem-
brane before the onset of labor and generally occurs in about 3—18.5% of all deliver-
ies [1]. Preterm premature rupture of the membranes (pPROM) is the cause of one
third of all early deliveries before 37 weeks’ gestation. The pathogenesis of pPROM
is the weakening of the fetal membrane. It has been reported that collagen (mainly
type III), which maintains the tension of the amnion, is markedly reduced and dete-
riorated in pPROM [3]. It has been suggested that amniotic fluid matrix metallopro-
teinases (MMPs) may be increased in pPROM or that the tissue inhibitor of MMPs
may be decreased and the effect of MMPs may be relatively enhanced. In addition,
cytokines such as IL-1, IL-6, IL-8, and tumor necrosis factor alpha (TNF-a), which
are produced by inflammatory reactions, are involved in the activation of these
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enzymes. Bacterial infection of the amnion and the release of endotoxin and TNF-a
result in the release of fetal fibronectin from the amnion. These changes increase
prostaglandin E and MMP activity, enhance cervical ripening and uterine contrac-
tions, and cause pPROM [1].

3 Pathophysiology Associated with Cerebral Palsy (CP)

Birth week is the strongest influencing factor for the development of cerebral palsy
(CP) in preterm infants. In addition to the immaturity of cerebrovascular function
and architecture, the effects of infection associated with preterm birth are thought to
be responsible for this [4]. Intracranial hemorrhage, especially intraventricular hem-
orrhage (IVH), is a problem at less than 28 weeks’ gestation, and periventricular
leukomalacia (PVL) is a problem at 28-34 weeks’ gestation.

3.1 Intraventricular Hemorrhage (IVH)

Because the brain of premature infants is still growing and developing, it shows a
different pathological picture in response to pathological stress than that of mature
infants. The capillaries in the periventricular germinal matrix of premature infants
are very fragile and prone to hemorrhage. This is due to the incompleteness of the
vascular network, easy stagnation of blood flow when blood pressure rises, and
underdeveloped vascular autoregulation [5]. When hemorrhage occurs in the germ
layer and spreads to the surrounding area, it may perforate the ventricles and spread
to the brain parenchyma. Depending on the degree of hemorrhage, the severity of
the disease has been classified as follows:

Grade I: Hemorrhage confined to the germinal matrix.

Grade II: Intraventricular hemorrhage without ventricular enlargement is present.

Grade III: Intraventricular hemorrhage with ventricular enlargement or hemorrhage
in more than 50% of the ventricles.

Grade IV: Initially thought to be intraparenchymal extension of hemorrhage, but
now associated with venous infarction in contact with the lesion.

Intraventricular hemorrhage is a hemorrhagic pattern unique to premature infants
and is particularly common in cases occurring at less than 28 weeks’ gestation. In
terms of onset time, 50% of cases are recognized within 24 h after birth, and 90%
of cases are detected by ultrasound within 72 h [6]. Therefore, it is thought that the
onset is likely to be related to delivery, but there are also cases of onset in the fetal
period, and it cannot be said that it is due solely to the stress of delivery. The inci-
dence of intraventricular hemorrhage in premature infants is estimated to be about
25%, but the incidence of grade III-IV hemorrhage, which tends to have a poor
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neurological prognosis, is about 5%, and the incidence of cerebral palsy is about
five times higher than in the group without intraventricular hemorrhage. The smaller
the birth week and birth weight, and the stronger the inflammatory changes such as
fetal infection, the more severe the grade III-1V is likely to be [7, 8].

3.2 White Matter Disorder, Periventricular Leukomalacia

Periventricular leukomalacia is a condition caused by cerebral ischemia and is a
common white matter disorder in preterm infants, especially in infants born before
32 weeks’ gestation. The vascular network in the deep white matter of preterm
infants before 32 weeks’ gestation is not fully developed, and the autoregulation
function is inadequate. If cerebral circulatory pressure decreases for any reason dur-
ing this period, deep white matter is easily ischemic. It is also known that increased
cytokine levels, such as chorioamnionitis and neonatal sepsis, directly cause white
matter damage and periventricular leukomalacia [1, 9]. The earlier the onset of pre-
term labor and pPROM, the more likely it is to be associated with a high degree of
intrauterine inflammation (histological chorioamnionitis). As mentioned above,
preterm labor and pPROM induce inflammation of the intrauterine environment,
resulting in increased levels of chemokines (IL-8) and cytokines (IL-1 and IL-6).
Inflammatory substances secreted by immune cells due to infection act on capillar-
ies and cause impaired blood circulation. These substances also enhance uterine
contractions and directly affect oligodendrocytes and myelination, resulting in
abnormal axonal myelination. Increased cytokines due to hemorrhage, ischemia,
reperfusion, tissue hypoxia, and infection increase glutamate and free radicals,
which stimulate NMDA receptors and promote intracellular calcium influx, leading
to widespread neuronal cell death and disruption of neural network architec-
ture [1, 9].

Figure 1 shows the pathogenesis of preterm birth and cerebral palsy. There is a
strong association between preterm birth and intraventricular hemorrhage and peri-
ventricular leukomalacia due to the common pathway of inflammatory changes.
Ischemia, infection, and immaturity act alone or in combination to form brain
lesions, but the degree of cerebral white matter vascular control and the degree of
maturation of the subependymal germ layer vary with the number of weeks of fetal
life, so that intraventricular hemorrhage tends to occur at less than 28 weeks of fetal
life and periventricular leukomalacia at 28-32 weeks of fetal life [9].

4 Current Status of Underlying Diseases in Cerebral Palsy

According to the “Statistics of Maternal and Child Health in Japan 2019” [10], out
of a total of 918,400 live births in 2018, 51,732 were born at less than 37 weeks’
gestation, with a preterm birth rate of 5.6%. While the total number of births has
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Fig. 1 Association between cerebral palsy (CP) and preterm birth. In the development of intraven-
tricular hemorrhage and periventricular leukomalacia, inflammation (cytokines) damages neurons
indirectly and directly through changes in blood flow

been decreasing, the preterm birth rate has been gradually increasing since 1980,
but has remained unchanged in recent years. With the development of perinatal care,
the survival rate of premature infants has increased, and the neurological prognosis
is improving. However, although the life expectancy has improved in cases of pre-
term birth in the first half of the 20th week of pregnancy, the neurological prognosis
is not always favorable, and as a result, the frequency of cerebral palsy has not
changed significantly [11].

5 Toward Prevention

The treatment of preterm labor has shifted from the administration of uterine con-
traction inhibitors such as ritodrine and magnesium sulfate to prophylactic treat-
ment of high-risk cases of preterm labor. This is because it is difficult to treat
preterm labor that has already progressed to a certain degree and it is difficult to
improve the perinatal prognosis [12]. In recent years, factors such as a history of
miscarriage, family history, cervical length, and vaginal flora have been evaluated,
and pregnant women who require progesterone administration, cervical suture, and
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treatment of vaginitis in the first trimester of pregnancy have been managed from an
anti-inflammatory perspective, contributing to a decrease in the incidence of pre-
term birth [12].
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Summary

e Fetal growth restriction (FGR)/small for dates (SFD) is a general term for
children whose growth in utero were suppressed due to multiple factors,
including children who are constitutionally small.

* The prevalence of cerebral palsy (CP) is higher in children with a smaller
birth weight Z-score, i.e., a more severe degree of FGR/SFD, born at after
32 weeks of gestation.

» The pathological conditions that may cause CP, such as birth defect, abnor-
mal blood flow in multiple births, placental and umbilical cord anomalies
or dysfunction, and intrauterine inflammation and/or infection, are closely
related to FGR of the infants.

1 Overview of Fetal Growth Failure/SFD

When a fetus is smaller than normal, he/she is diagnosed as FGR. FGR is a
general term for cases in which the growth of the fetus in the uterus is sup-
pressed for some reason. The “Glossary of Obstetrics and Gynecology, 4th
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Edition” by the Japan Society of Obstetrics and Gynecology [1] states that FGR
should be determined using the reference values for each gestational week of
Japanese fetal weight, which included only healthy fetus born at full term. The
terms often used by neonatologists, such as light for dates (LFD), SFD, and
small for gestational age (SGA), are different from FGR because they are based
on the values of body size at birth for each gestational week. In other words,
FGR is determined using an intrauterine fetal growth curve for each gestational
week [2], and SFD is determined using neonatal anthropometric charts at birth
by gestational week [3].

The estimated fetal weight less than —1.5 SD for gestational age is defined FGR
to be noted as a high-risk pregnancy in Japan. In contrast, SED or also called SGA
is judged as less than 10th percentile of the neonatal anthropometric standards for
gestational age, which is one of the eligibility criteria of growth hormone (GH)
treatment for SGA short stature. Because —1.5 SD is equivalent to 6.7 percentile,
the criteria for FGR and SFD/SGA are different. There could be cases whose deter-
mination of FGR and SFD are not consistent in the same child. Because neonatolo-
gists and pediatricians treat children after birth, they usually have information about
FGR with the expected weight of the fetus and then determine whether the child is
SFD or appropriate for date (AFD) using the birth size standard by gestational age
after birth [3].

2 Risk Factors for FGR

The risk factors for FGR are broadly categorized into fetal factors, maternal factors,
and placental and umbilical cord factors. Table 1 shows the etiology of FGR listed
in the guidelines of the American College of Obstetricians and Gynecologists
(ACOG) [4]. Howeyver, about 70% of FGRs are related to constitutional predisposi-
tion, and clear etiology cannot be identified in many cases.

FGR is associated with a high risk of intrauterine fetal death and stillbirth. SFD
infants have high rates of neonatal mortality and morbidity, such as hypoglycemia,
hyperbilirubinemia, hypothermia, intraventricular hemorrhage (IVH), necrotizing
enterocolitis, neonatal seizures, sepsis, and respiratory distress syndrome [5]. It is
important to note that the neurodevelopmental outcome of infants depends on the
risk factors of FGR/SFD as well as gestational age. FGR/SFD infants are a mixed
population of infants exposed to adverse intrauterine conditions and small but nor-
mal infants. As a result of perinatal selection, the surviving cases may appear to
have good neurodevelopmental outcomes. On the other hand, the outcomes may be
unfavorable when chromosomal abnormalities, multiple births, or congenital infec-
tions are included as causes of FGR. In addition, the outcomes are affected by the
intensive perinatal care and interventions to mothers and fetus with FGR. Finally,
the gestational age could be critical to the adverse outcomes. Regardless of FGR,



Fetal Growth Restriction/Small for Dates 121

Table 1 Etiology of fetal growth restriction [4]

Maternal medical conditions

— Pregestational diabetes mellitus

— Renal insufficiency

— Autoimmune disease (e.g., systemic lupus erythematosus)

— Cyanotic cardiac disease

— Pregnancy-related hypertensive diseases of pregnancy (e.g., chronic hypertension,
gestational hypertension, or preeclampsia)

— Antiphospholipid antibody syndrome

Substance use and abuse (e.g., tobacco, alcohol, cocaine, or narcotics)

Multiple gestation
Teratogen exposure (e.g., cyclophosphamide, valproic acid, or antithrombotic drugs)

Infectious diseases (e.g., malaria, cytomegalovirus, rubella, toxoplasmosis, or syphilis)

Genetic and structural disorders (e.g., trisomy 13, trisomy 18, congenital heart disease, or
gastroschisis)

Placental disorders and umbilical cord abnormalities

preterm births are associated with a high incidence of morbidities associated to CP,
such as IVH, periventricular leukomalacia (PVL), and necrotizing enterocolitis.

3 Pathophysiology Associated with CP

The risk of CP increased in FGR/SFD infants compared with non-FGR/AFD infants
when they were born at full term, late preterm after 34 weeks, or moderate preterm
after 32 weeks by the report from a large multicenter study (Surveillance of Cerebral
Palsy in Europe) [6]. In this study, birth weight Z-scores were calculated based on
the conventional standard or fetal standard, and correlation between Z-scores and
prevalence of CP was evaluated according to the duration of pregnancy. In the group
after 32 weeks of gestation, the smaller the Z-score, the higher the prevalence of CP,
which was more evident when using the fetal standard (Fig. 1). When SGA children
weighing less than the 10th percentile (corresponding to a Z-score of less than
—1.28) were compared with appropriate for gestational age (AGA) children in the
25th—75th percentile (corresponding to a Z-score of —0.67 to 0.67), rates of CP
increased in SGA children after 32 weeks of gestation. The SGA children born at
3242 weeks are four- to sixfold more likely to have CP than the AGA children born
at the same gestational weeks. The association between SGA and CP in infants born
at less than 32 weeks was not clear, possibly because the risk of brain damage asso-
ciated with prematurity, such as IVH or PVL, outweighs the risk of that associated
with FGR/SFD at birth.
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Fig. 1 Prevalence of cerebral palsy by Z score of weight for gestation: effect of different growth
standards [6]

In cases of FGR with placental insufficiency or FGR associated with hyperten-
sive disorders of pregnancy (HDP), the pathophysiology associated with CP remains
unclear. The uterine artery ligation in rodent causes placental insufficiency and
FGR. This model has been aimed at replicating findings seen in human FGR [7].
Brain sparing (a mild decrease in brain weight compared to body weight), ventricu-
lar enlargement, white matter damage, and decreased basal ganglia and hippocam-
pal volume found in this FGR model were similar to those found in human
FGR. Adult animals with growth restriction at birth demonstrated deficits in gait,
memory, object recognition, and spatial processing. Histologically, neuronal necro-
sis and astrogliosis were observed in the hippocampus, parahippocampal cortex,
cingulate gyrus, cerebral white matter, and cerebellum. In addition, white matter
injury involved oligodendrocyte precursor maturation arrest. This animal model can
provide pathophysiological evidence for studies of CP and other pathological out-
comes of placental insufficiency in human FGR/SFD infants.
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On the other hand, several studies suggest that preeclampsia may be associated
with a decreased risk of CP in preterm and low birth weight infants [8]. Increased
endogenous corticosteroid secretion would promote maturation of the infant’s cere-
bral nervous system and reduce the risk of IVH, which is a compelling cause of CP
in preterm infants, although there was no significant difference in the rate of IVH in
preterm extremely low birth weight infants between with and without preeclampsia.
In a recent population-based study of infants born after 35 weeks of age, severe
FGR (<—2SD) infants born to normotensive mothers showed a significantly
increased risk of CP compared with AGA infants born to normotensive mothers
[odds ratio (OR) 4.81 [95% confidence interval (CI): 2.7-8.5]], whereas severe
FGR infants of HDP mothers were not associated with a significant increased risk
of CP compared to AGA infants of normotensive mothers [OR 2.56 (95% CI:
0.78-8.4)]1 [9].

Many studies have reported the usefulness of ultrasound pulsed Doppler as an
examination of fetal well-being in FGR. The presence or absence of disruption or
regurgitation of umbilical artery blood flow and pulsatility index (PI) values are
used for evaluation. Interruption or regurgitation of umbilical artery blood flow is
an indicator of chronic hypoxemia, increased placental vascular resistance, and
progression to fetal dysfunction (non-reassuring fetal status) and stillbirth. In a
French prospective cohort study (EPIPAGE-2) of singleton infants associated with
suspected FGR or a maternal HDP from 22 to 31 weeks of gestation, an association
between the neurological outcomes at 2 years of age and umbilical cord blood flow
using ultrasound pulsed Doppler was evaluated [10]. By the last ultrasound exami-
nation before delivery, umbilical artery Doppler waveform was classified into
absent or reversed end-diastolic flow (ARED, n = 179) group and normal or reduced
end-diastolic flow (NORED, n = 305) group. The morbidity rate of CP with GMFCS
level 2 or higher was significantly high in the ARED group: 2.7% in the ARED
group versus 0.2% in the NORED group. After adjustment for gestational age,
ARED was associated significantly with severe or moderate neuromotor and/or
sensory disability (adjusted OR, 11.3; 95% CI, 1.4-93.2). These results suggested
the usefulness of evaluating umbilical artery blood flow in relation to an elevated
risk of neurosensory disability in children born very preterm due to FGR or
maternal HDP.

4 FGR/SFD in CP in Recent Reports

Like the wide variety of risk factors for FGR/SFD, the etiology of CP diagnosed
based on symptoms and syndromes is diverse, and multiple factors are often
involved. Among 2457 cases for which a causal analysis report was sent to the Japan
Obstetric Compensation System for Cerebral Palsy, the results of an analysis of
cases born between 2009 and 2014 and 0-1 years old at the time of diagnosis were
reported in detail [11, 12]. Up to birth in 2014, the reported cases were either with
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a birth weight >2000 g and a gestational age of >33 weeks or those with a gesta-
tional age of >28 weeks with the specified requirements. In the 999 analyzed cases,
the proportion of LFD defined as birth weight less than the 10th percentile of the
birth size standard by gestational age was 134 cases (13.4%) [11]. Within the condi-
tions listed as the primary cause of CP in the causal analysis report, no case listed
FGR as a cause of single condition, and only 8 (0.8%) cases listed FGR as a cause
of multiple conditions. In an overview of the 2457 cases, the proportion of LFD was
376 (15.3%) [12]. The proportion of LFD in moderate-to-severe CP covered by the
Japan Obstetric Compensation System for Cerebral Palsy was higher than that of
LFD in the general population. However, the rate of FGR as the main cause of CP
was low, which may reflect FGR was accompanied with other main causes listed in
the repots, such as placental or umbilical cord anomalies, blood flow imbalance in
multiple births, and infections or inflammations.

Nelson et al. [13] proposed four perinatal factors for CP in singleton infants born
at full term or near term: asphyxia, inflammation, restricted growth, and birth defect
(malformations, deformities, or injuries present at birth regardless of cause) (Fig. 2).
Birth defect was the most frequent factor in the CP group compared with the control
group without CP matched for length of gestation (<1 week), date of birth
(<12 months), and number of fetuses. When combined with birth defect with FGR

Birth Asphyxia L B Controls
I cChildren with cerebral palsy
Inflammation h
Restricted Growth ‘
o e | ——————
Restricted Growth _

and Birth Defect
[ T T T T T T 1

0 5 10 15 20 25 30 35 (%)

Percent of Children

Fig. 2 Distribution of four major risk factors in singleton children with cerebral palsy born at a
gestational age of at least 35 weeks, 1980—-1995 [13]. Data are from a study of 496 children with
cerebral palsy and 508 controls. The four risk factors were a potentially asphyxiating intrapartum
event, evidence of inflammation, fetal growth restriction (defined as a birth weight that was more
than 2 SD below the optimal weight for gestation, sex, maternal height, and parity, or a neonatal
diagnosis of fetal growth restriction), and a major birth defect. Data shown are for one or more of
these risk factors in at least 2% of children with cerebral palsy or controls. Major birth defects were
the most frequently occurring risk factor in children with cerebral palsy, and when combined with
fetal growth restriction, they were associated with the highest relative risk
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of less than —2 SD, it was associated with the highest relative risk for CP. They sug-
gested birth defect, that is, a risk factor for FGR as well, was the most strongly
associated with CP in infants born after 35 weeks of gestation.

5 Toward the Prevention of CP

Epidemiological data on FGR/SFD suggested that the risk of CP increases with
more severe restricted growth in children born at full term or late preterm. Although
preventive measures may differ depending on the cause of growth restriction,
assessment of fetal well-being by ultrasound pulse Doppler could be useful in pre-
dicting brain damage from placental insufficiency. In the case of FGR with birth
defect, it is difficult to find effective strategies to prevent FGR. At least, we should
carefully manage prenatal and perinatal conditions related to CP in mothers, fetus,
and newborns. In addition, we should inform patients to eliminate causal risk fac-
tors for FGR, such as smoking, alcohol, and high caffeine intake.
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Summary

e A study using the Japan Obstetric Compensation System for Cerebral
Palsy has revealed that at least some cases of cerebral palsy (CP) without
acidemia are due to central nervous system damage caused by transient
hypoxia and ischemia in utero and that some cases show a certain pheno-
type along the time course from onset.

* Although it is difficult to predict the onset of the disease, accurately diag-
nose it in utero, and avoid it by prophylactic intervention, it is essential to
confirm the presence of acidemia at the time of delivery by umbilical artery
blood gas analysis in order to estimate the onset of central nervous system
dysfunction.

¢ In cases with decreased fetal movement, abnormal baseline thin variation
of fetal cardiotocography (CTG), and amniotic fluid overload, it was nec-
essary to follow the neurological prognosis carefully even if there was no
evidence of paresis or acidemia at delivery.

In the fetal cardiotocography (CTG), which is currently the most widely used
method for evaluating fetal well-being, it is assumed that the central nervous system
of the fetus is normally developed and the physiological heart rate control
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mechanism is functioning in order to recognize the pattern of the fetal heart rate
pattern. Conversely, if this control mechanism is disrupted or developmental disor-
ders occur, the fetus is not considered for CTG examination, and the condition of
the fetus cannot be evaluated correctly [1]. A typical case is when the fetal heart rate
pattern is altered by transplacental transfer of some drugs administered to the
mother and the CTG pattern deviates from the original fetal well-being.

In recent years, it has become known that CTG patterns may not fully reflect the
well-being of the fetus even in the presence of diseases or maternal environments
that affect the functional development of the fetus itself, such as in conditions such
as cardiac disease, congenital diseases of the central nervous system, fetal growth
failure, and intrauterine infection, where the relationship between CTG findings and
intrauterine oxygenation and neurological prognosis is different from normal [2, 3].
It is now known that CTG patterns may not adequately reflect the well-being of the
fetus [2, 3]. In utero-onset cerebral palsy caused by irreversible damage to the cen-
tral nervous system due to transient hypoxia and ischemia in utero is another condi-
tion in which the CTG pattern does not assess the well-being of the fetus. In this
section, we review the characteristics and frequency of CTG findings and clinical
images in such cases.

1 Overview and Pathophysiology of In Utero-Onset CP

Hypoxic-ischemic encephalopathy (HIE) is one of the major causes of perinatal
brain injury, including cerebral palsy (CP). Although HIE was classically thought to
occur mostly around delivery, it is now known that in many cases HIE occurs in
utero before onset of delivery. In Japan, the analysis of a large number of CP cases
has been made possible by reports on the analysis of the causes of CP in the Japan
Obstetric Compensation System for Cerebral Palsy, and new findings have been
obtained [4, 5].

In the causal analysis report of the Japan Obstetric Compensation System for
Cerebral Palsy, using the method of excluding cases in which a condition that could
cause general hypoxia and acidemia existed and cases in which the cause of the
onset of the disease was in the neonatal period, the authors extracted cases pre-
sumed to be HIE caused by transient circulatory disturbances in utero and examined
their clinical images [5]. Among 596 cases of cerebral palsy with singleton delivery
after 33 weeks of gestation analyzed by the Japan Obstetric Compensation System
for Cerebral Palsy by the end of June 2015, there were 137 cases with a gas analysis
value of pH > 7.2. Among them, 53 cases were presumed to have CP due to HIE
caused by transient circulatory disturbance in utero, and abnormalities of cardioto-
cography (CTG) (transient tachycardia and decreased variability) were observed in
74%, fetal movement decreased in 15 cases, and amniotic fluid volume increased in
5 cases (Fig. 1). When the patients were divided into two groups according to the
presence or absence of abnormalities in the baseline variability of CTG, those with
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Summary version of the cause analysis report posted on the Japan Obstetric

R eEeEs Compensation System for Cerebral Palsy website
596 cases Singleton pregnancy delivered after 33 weeks of gestation
137 cases pH=7.2 in blood gas analysis value
7 cases No apparent HIE
20 cases Onset after birth
13 cases Fetal and neonatal diseases available
Maternal shock, uterine rupture, umbilical cord prolapse, premature separation of the
44 cases normal placenta, severe chorioamnionitis, severe fetal growth failure, mother-to-child
transfusion syndrome, and other factors that can cause fetal hypoxemia during labor
53 cases Presumed cerebral palsy due to transient in utero ischemia

Fig. 1 Flowchart of case selection for presumed hypoxic-ischemic encephalopathy (HIE) due to
transient circulatory disturbance in utero (modified from Ref. [5]). Among 596 cases of cerebral
palsy in singleton deliveries after 33 weeks of gestation analyzed by cases with gas analysis
pH > 7.2, with findings of HIE on imaging, onset not in the neonatal period. We selected cases of
HIE presumed to be caused by transient circulatory disturbance in utero

abnormalities in fine variation had earlier weeks of labor, lower Apgar score values,
more cases with decreased fetal movement, and fewer cases with excessive amniotic
fluid than those without abnormalities in variability [5].

When these cases were compared with cases in which the time from the pre-
sumed hypoxic event to delivery of the baby was around or within 1 week, around
2 weeks, or longer, it was found that cases in which delivery occurred around or
before 1 week from the event suggesting the onset of the hypoxic event, such as
decreased fetal movement, showed more cases of CTG abnormalities and decreased
variability. On the other hand, there was an increase in amniotic fluid volume in
cases where the time between the event and delivery was around 2 weeks or longer.
This suggests that a transient intrauterine ischemic event that causes irreversible
changes in the central nervous system may result in decreased fetal movement and
abnormal CTG during the first few days to a week, and if the baby is referred to
obstetricians during this period, it may be diagnosed as non-reassuring fetal status
(NRFS) or delivered. Despite that, after a certain period of time, the baby gradu-
ally recovers, and CTG abnormalities disappear, while some patients may have
findings reflecting amniotic fluid overload and spastic paralysis due to dysphagia
(Fig. 2).
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one week two weeks
*Fetal movement
normal decrease normal
“CTG Normal[Ete abnormal variability el
*pH § S acidosis normal
«Apgar Score - normal
+Brain imaging Increased amniotic flud ~ HIE
+Other volume (dysphagia)
If delivered in a few days to around a week. If delivered in around two weeks or more...
The process of recovery from acute injury Chronic phase
+ CTG abnormality: abnormal fine variation, etc. +CTG abnormality: None
* Low Apgar score: 7 points or +Apgar score: normal
less (5 min) +Acidemia: None
« Acidemia: mild to normal +Dysphagia and spastic paralysis.

CTG: cardiotocography, HIE: hypoxic-ischemic encephalopathy

Fig. 2 Time course from injury and phenotypic differences in fetuses and newborns (hypothesis).
We modeled and hypothesized the phenotypes of cases that are recognized and delivered relatively
early after injury and those that are delivered relatively long after injury

2 Current Status of Prenatal Onset CP

In a review of reported cases in the Japan Obstetric Compensation System for
Cerebral Palsy, HIE due to transient circulatory disturbance in utero was presumed
to be the cause of CP in 9% of singleton deliveries of CP after 33 weeks of gestation.
Therefore, it is inferred that central nervous system disorders caused by transient
circulatory disturbances in utero, including movement disorders other than CP,
developmental disorders, and those with unknown causes, are more frequent. In a
questionnaire survey conducted among the facilities participating in the maternal-
fetal intensive care unit (MFICU) (29 facilities responded), the same study was
conducted in 12 facilities (total of 25,777 singleton deliveries after 33 weeks of
gestation during 3 years) where a secondary survey was available. It was estimated
that at least two cases of CP were due to transient intrauterine ischemia (frequency
of about 1 in 13,000 deliveries) [6].

The incidence of CP in full-term births is about 2.5/1000 [1], and if about 10%
of these babies are affected by CP, the incidence is about 1 in 4000 deliveries. The
accuracy of our study is limited by the fact that it is a retrospective study based on
information from a database. However, since they avoided overestimating the inci-
dence, it is estimated that there is at least one or more cases of transient in utero CP
due to HIE in several thousand to about 10,000 deliveries. Considering that, depend-
ing on the area of injury, circulatory disturbances may be expressed as motor or
developmental disorders other than CP, it is possible that a higher percentage of
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developmental disorders, including those that are undiagnosed or of unknown
cause, are caused by transient circulatory disturbances in utero.

In developmental disorders, it is known that a characteristic disposition such as
difficulty in raising children is already observed in the newborn and infant periods
[7]. In fact, the Japan Environment and Children’s Study, a large-scale epidemio-
logical study in Japan, reported the possibility that the presence of an umbilical
artery blood pH of 7.2 and an Apgar score of 7 or more on the 5-min scale, despite
the diagnosis of fetal dysfunction, was associated with the disposition of neonatal
irritability [8].

In other words, transient circulatory disturbance in utero, which cannot be cap-
tured in general clinical practice, may be a factor that has a significant impact on
“development.” On the other hand, this phenomenon is not necessarily negative, but
can be considered as one of the mechanisms that give rise to diversity in humans,
such as the creation of “individuality.”

3 Toward Prevention

It is clinically difficult to choose not to intervene in cases of abnormal CTG during
delivery, and therefore, in order to avoid cesarean sections that do not improve the
prognosis, such as prenatal-onset CP, it is important to accurately diagnose such
conditions before birth, to detect such conditions before they occur, and to identify
and prevent high-risk cases.

Differentiation of prenatally onset CP is not easy because many cases show a
decrease or disappearance of baseline variability, as if hypoxia or ischemia occurred
at that time. However, there is a reason for the change in CTG findings. In other
words, there are cases in which transient tachycardia is no longer seen in a child
with a reactive pattern in the previous non-stress test (NST), even though there is no
cause for deterioration in fetal well-being, and cases in which transient bradycardia
appears that did not exist before without other factors. In such cases, we can infer
the presence or absence of hypoxia or acidemia in a relatively short time by Doppler
flowmetry or biophysical profile. For this reason, it is essential to perform cord
blood gas analysis at the time of delivery.

In addition, not only cases with the NRFS phenotype but also those with a long
time since the injury may have a worse-than-expected condition of the baby after
delivery, despite the absence of fetal heart rate abnormalities. Therefore, it is impor-
tant to be reminded of this condition. In addition, depending on the area of injury,
developmental disorders other than CP may be the cause.

The goal of current perinatal care is not only the safe birth of the mother and
child but also the subsequent child care and healthy growth and development of
the child.

Fortunately, even in the absence of abnormalities in the peripartum period, care-
ful follow-up for developmental and neurological prognosis and future parental sup-
port should be considered in the future, even in cases of decreased fetal movement,
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unexplained CTG abnormalities, and amniotic fluid overload, even in the absence of
paresis or acidemia at delivery [7, 8]. Although the limitations of CTG in improving
the prognosis of CP have long been pointed out, this association with postnatal
growth and development may be a new role for CTG.

This chapter is based on Refs. [5, 6] with some additions and corrections.
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Summary

e Some infants who develop cerebral palsy (CP) are born with the mother
aware of reduced fetal movement.

e In 2009, Japan started the Obstetric Compensation System for Cerebral
Palsy, and a considerable number of cases related to reduced fetal move-
ment have been reported among those applying for the system.

* Observation of fetal movement is the only way to provide free, continuous
assessment without the need for medical equipment.

* On the other hand, only the pregnant woman herself can make a judgment,
and it lacks objectivity.

* There are many known risk factors for cerebral palsy, including low body
weight, prematurity, infection, and multiple births. In cases of reduced
fetal movement and postnatal cerebral palsy, the infant may be severely
hypoxic or even acidotic at delivery. Premature detachment of the normal
placenta and maternal-infant transfusion syndrome are representative dis-
eases. In these diseases, reduced fetal movement is often the trigger for
detection of the disease.

* In addition, some fetal abnormalities may include fetal movement abnor-
malities, which require attention. However, the extent to which fetal move-
ment observation reduces cerebral palsy has not yet been clarified.

1 Actual Fetal Movement

Fetal movement is usually perceived at 16-20 weeks of gestation [1]. Multiparous
pregnant women experience fetal movement 2—3 weeks earlier than first-time moth-
ers. Although there is no clear evidence [2], the fetus is said to be most active at
28-34 weeks of gestation, after which fetal movements decrease [3]. In a healthy
fetus, 4—-100 fetal movements per hour are observed [4]. When the fetal condition
deteriorates, the fetus attempts to store energy, and oxygen consumption decreases.
It is speculated that redistribution of blood flow occurs in utero, and as fetal oxygen
consumption decreases, fetal movements decrease. Reduced fetal movement may
be caused temporarily by sleep, but also by low amniotic fluid, maternal overweight-
ness, and sedation.
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2 Difficulties in Observing Fetal Movement

The measurement of fetal movement differs from other tests in that it can only be
perceived by the mother. Medical practitioners advise pregnant women to pay atten-
tion to fetal movement and tell them if it decreases or disappears. However, if this is
strictly enforced for pregnant women, they may feel overwhelmed. This may be
justified if fetal movement monitoring leads to an improvement in the perinatal
outcome, but there is no clear evidence for this. The reasons for the lack of evidence
are as follows: (1) the time between the decrease in fetal movement and fetal death
is short; (2) there are various evaluation methods for fetal movement observation,
but they are not standardized and the criteria for fetal movement decrease are not
consistent; and (3) pregnant women are not aware of all fetal movements.

3 Fetal Movement Evaluation Method

Various methods of fetal movement assessment have been proposed to make the
assessment consistent. The most famous method is Cardiff’s count to 10 method
[5]. In this method, the time required to feel ten movements of the fetus at a fixed
time each day is recorded. In this method, the patient is placed in a relaxed lateral
recumbent position with the bladder empty and the hand on the abdomen to count
the fetal movements. On the other hand, the Sadovsky method [6] requires the fetal
movement count to be performed after each meal. In addition, a modified version of
the method, which does not restrict the time of fetal movement counting or the posi-
tion of counting, is widely used [7]. The average time required for fetal movement
counting is 10 min [2], but the time required increases with the number of weeks of
pregnancy: the 90th percentile time is 25 min at 22-36 weeks of gestation, whereas
it is 35 min at 37-40 weeks of gestation [7]. A significant increase in the number of
pregnant women taking more than 30 min has been reported after 39 weeks of gesta-
tion or at birth weights of 3000 g or more [8]. If the fetal movement count takes
longer, the patient should be told to contact medical staff.

4 Evidence on Fetal Movement Counting

Studies on fetal movement counting have been spasmodic since the 1980s. Only
high-quality randomized controlled trials (RCTs) were selected, and there are two
systematic reviews or meta-analyses of whether fetal movement counting improves
perinatal outcomes.
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4.1 Cochrane Systematic Review [1]
4.1.1 Method

Cochrane searched for studies related to fetal movement, and only those RCTs that
were judged to have a good design were included. Most of the studies were two-arm
comparisons, one with and one without fetal movement counting, but the control
group was different, as described below.

4.1.2 Results

Five RCTs (totaling 71,458 participants) were reviewed [5, 9-12]. One study with a
cluster RCT was the largest, with 68,654 participants entered in that study alone.
The setting of the control group differed, with two of the five articles comparing
standard obstetric care, two comparing methods of fetal movement counting, and
the remaining one comparing perinatal outcomes by fetal movement counting and
placental hormone production (hPL) levels.

Fetal Movement Count Group vs. Usual Obstetric Care Group

There was no difference in the stillbirth rate [risk ratio (RR): 0.93 [95% confidence
interval (95% CI): —0.61 to 1.07]] or cesarean section rate [RR: 0.93 (95% CI:
0.60-1.44)] between the two groups. Maternal anxiety was significantly increased
in the normal fetal movement count group [standardized mean difference (SMD):
—0.22 (95% CI: —0.35 to 0.10)]. There was no significant difference in attachment
formation to the fetus [SMD: —0.02 (95% CI: —0.15 to 0.11)]. Hospitalization for
fetal movement reduction was significantly more frequent in the fetal movement
count group [RR: 2.72 (95% CI: 1.34-5.52)], and another study found a trend
toward more prenatal hospitalization in the fetal movement count group [SMD: 0.38
(95% CI: —0.17 t0 0.93)] [10]. There was no significant difference between the two
groups for children with a birth weight below the 10th percentile [RR: 0.98 (95%
CI: 0.66—1.44)]. The most important outcome, “perinatal death or morbidity,” was
not reported.

Once-Daily Fetal Movement Count Group vs. After-Meal Fetal Movement
Count Group

A total of 1400 patients were entered into the study. There was no significant differ-
ence in the cesarean section rate [RR: 2.33 (95% CI: 0.61-8.99)]. No “perinatal
death or morbidity” was reported.

In summary, this Cochrane review concludes that there is insufficient evidence to
show that fetal movement counting significantly improves perinatal outcomes.
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Fetal Count Group vs. Human Placental Lactogen Measurement Group

This study involved 1191 patients. There was no difference in the cesarean section
rate [RR 1.18 (95% CI: 0.83—-1.69)]. The number of hospital visits was significantly
lower in the fetal movement count group than in the lactogen measurement group
[RR: 0.26 (95% CI: 0.20-0.35)], but the frequency of an Apgar score of less than 7
points per quintile was significantly higher [RR: 1.72 (95% CI: 1.01-2.93)]. This
study also did not report on “perinatal death or morbidity.”

4.2 A Systematic Review by Bellussi et al. [13]
4.2.1 Method

We reviewed RCTs on fetal movement counts and perinatal outcomes. Five RCTs
among 1290 articles related to fetal movement published up to May 2019 were
selected for meta-analysis [9, 11, 14—16]. All of the articles advised telling the patients
to contact the hospital if they felt anxious about fetal movement. We studied the peri-
natal outcomes of 261,691 fetuses subjected to fetal movement counting and 196,094
fetuses managed according to standard obstetric management. Fetal anomalies were
excluded, but two papers that included twin pregnancies were included in the study.

4.2.2 Results (Table 1)

There were no significant differences in perinatal death, neonatal death, stillbirth
rate, neonatal intensive care unit (NICU) admission rate, preterm birth rate, or small
for gestational age (SGA). There was a significant increase in preterm birth [RR:
1.07 (95% CI: 1.05-1.10)], induced labor [RR: 1.15 (95% CI: 1.09-1.22)], and
cesarean section [RR: 1.11 (95% CI: 1.10-1.12)] in the fetal movement count group.
However, these differences may not be clinically meaningful.

5 Findings on Reduced Fetal Movement Identified Through
the Japan Obstetric Compensation System for Cerebral
Palsy [17]

Among 658 cases of cerebral palsy (CP) registered in the Japan Obstetric
Compensation System for Cerebral Palsy by June 2015, 53 cases involving single-
ton pregnancies, deliveries after 33 weeks of gestation, and umbilical artery blood
pH >7.2 at birth were included. In this study, 53 patients with congenital morpho-
logical abnormalities, fetal growth failure, or infection were included. In 14 of 37
cases (38%), fetal movement was reported to have disappeared, indicating that the
clinical picture may differ depending on the time between the episode and delivery.



H. Takahashi

138

a3e [euone)sas 10j [[eWS YOS

@
@ri-orp It (TT1-60'D ST'1 O1'1-$0'1) LO'1 (T0'1-€8°0) T6°0 (00'1-$8°0) T6°0 %S6) qd

L (65°0)

(€°67) 106°651/20S 0¥/(T'8T) (9°1€) ¥TT8S1/820°0S/(9'9€) 188°6S1/€6T 11 SA | (+7°S) T6L°6S1/0098 "SA SSL6S1/P16 "SA
L80°0€T/L98 V9 YOV'8TT/ILSES | (9°L) 990°0ET/PhY LI (8'%) 986°6TC/610°T1 | (¥S°0) €¥6°6CT/TSTI [BI0L

QW) (85°0)

(S°6T) T69'LST/1ETOF (L'1€) T69°LS1/2S6'6Y T69'LST/8TTIL 'SA | (1°S) TO9'LST/PhP8 "sA ¥S9°LST/ETH "SA
'SA (€°87) 098°LTT/TLS Y9 'SA (9°9€) 098°LTT/66V'E8 | (9°L) 098°LTT/ILE'LL (L) 098°LTT/eS8°01 | (+15°0) 918°LTT/8¢TT | [91] uewioN
[s1]
(L°€S) 801/8S 'sA (€S) 001/€S pauonusur JoN 801/0 "SA 001/0 pauonusuroN pauonuaul JoN weleeq

(1°L) TES/SE "5A (9°9) ¥75/9¢

(€¥1) TES/IL SA (TYD) ¥YS/LL

(S¥)
TESIVT SA (L°€) v¥S/0T

€s)
0€S/9% "sA (S°8) €¥S/9¥

TES/1 SAHS/0 | [11] peisees

pauonuaw JON

pauonuaul JON

pauonuaw JoN

pauonuaw JON

pauonuau JON [6] JueID

1D (LD 6vST/1Y (L) 69S1/011 (€D 69S1/1C
69ST/SLT "sA (€1) £851/90C pauonuaur JON SA (1°€) TS 1/8Y ‘SA(9°L) €8ST/0TT | "sA(88°0) €8ST/p1 | [¥1] WwepldN
UOINJ9S UBILS)) YMIQP[IYD JO uononpuy YMIq dInjewalg (%01>) VDS UIeap [BIRULID loyny

(%) dnoi3 jonuod ur

SOSED JO JAqUINU “SA (9) dNOIS JUNOD JUSWAOW [B)3F UI SISBI JO Joquunu,, st Pajsi| st tojourered yoey ‘[e )0 Issn[og jo sis[eue-ejou ay) jo Arewwing | [qel,



Reduced Fetal Movement 139
6 Recent Research Findings Related to Fetal Movement

In addition to the above, other studies related to fetal movement have been reported,
and we will introduce some of the most interesting ones.

6.1 Association Between Reduced Fetal Movement
and Long-Term Prognosis of the Child [18]

6.1.1 Objective

(1) To investigate whether reduced fetal movement is associated with perinatal out-
come and (2) whether reduced fetal movement is associated with long-term neuro-
logical morbidity in the child.

6.1.2 Method

A single-center case-control study in Israel.

Study Group (Reduced Fetal Movement Group)

A total of 439 women who complained of reduced fetal movement from the late
second trimester to end of pregnancy.

Comparison Group

A total of 241,903 women who did not complain of reduced fetal movement.

6.1.3 Results

1. Perinatal prognosis

The reduced fetal movement group had significantly more first-time mothers
(38.7% vs. 23.6%, respectively, P < 0.001), more in vitro fertilization (IVF)
(4.8% vs. 1.1%, respectively, P < 0.001), more amniotic fluid deficiency (14.6%
vs. 2.3%, respectively, P < 0.001), and more fetal growth restriction (FGR)
(4.8% vs. 1.8%, respectively, P < 0.001) than the comparison group. Induction
of labor was more common in the reduced fetal movement group (74.0% vs.
26.0%, respectively, P < 0.001), cesarean section was more common (34.9% vs.
13.5%, respectively, P < 0.001), and there were fewer patients with a 5-min
Apgar score of less than 7 (0.2% vs. 2.3%, respectively, P = 0.042). There were
no cases of perinatal death in the reduced fetal movement group.
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2. Neurological morbidity in children

The reduced fetal movement group had more movement disorders (3.2% vs.
1.8%, respectively, P = 0.036) and a higher hospitalization rate (4.8% vs. 3.1%,
respectively, P = 0.044). No significant difference was found in cerebral palsy.
Cox proportional hazards model analysis of neurological factors associated with
child hospitalization showed that they were associated with reduced fetal move-
ment [hazard ratio (HR): 1.54 (95% CI: 1.0-2.37), P = 0.048], gestational week
[HR: 0.93 (95% CI: 0.92-0.94), P < 0.001], and under-amniotic fluid [HR: 1.2
(95% CI: 1.04-1.38), P = 0.012].

6.2 Association Between Fetal Movement Changes
and Stillbirth [19]

6.2.1 Objective

To identify fetal movement changes associated with stillbirth.

6.2.2 Method

A questionnaire on fetal movement was administered to patients managed between
April 2014 and March 2016 in 41 perinatal centers in the UK. Conducted in the
form of a case-control study, mothers experiencing stillbirths were interviewed
about fetal movement in the 2 weeks before fetal death, and controls were inter-
viewed about fetal movement in the last 2 weeks.

Study Group (Stillbirth Group)

A total of 291 stillbirths after 28 weeks of gestation.

Comparison Group

A total of 733 successfully continuing their pregnancies.

6.2.3 Results

Multivariate analysis showed that the frequency of fetal movement was significantly
decreased in the stillbirth group [adjusted OR (aOR): 4.51 (95% CI: 2.38-8.55)].
Conversely, no changes in fetal movement [aOR: 0.18 (95% CI: 0.13-0.26)] or hic-
cup awareness [aOR: 0.31 (95% CI: 0.17-0.56)] were risk-reducing factors for
stillbirth.
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6.3 Reduced Fetal Movement Cases and Placental
Findings [20]

6.3.1 Objective

To clarify whether reduced fetal movement at full term is associated with placental
abnormalities and neonatal prognosis.

6.3.2 Method

A case-control study of managed deliveries between January 2008 and May 2019 at
a single center in Israel.

Study Group (Reduced Fetal Movement Group)

Among pregnant women with full-term deliveries who were aware of reduced fetal
movement within 2 weeks before delivery, 203 had placental pathology results.

Comparison Group

A total of 203 patients adjusted for maternal age, weeks of delivery, and proportion
of vaginal births versus cesarean sections with the study group.

6.3.3 Results

In the reduced fetal movement group, the time from awareness of decreased move-
ment to delivery was 8.2 + 4.4 days (mean + SD). Induction of labor (19.2% vs.
10.8%, respectively, P = 0.02), cesarean section (23.6% vs. 13.7%, respectively,
P = 0.01), placenta weight <10th percentile (22.6% vs. 3.9%, respectively,
P <0.001), and neonatal morbidity (15.7% vs. 6.8%, respectively, P = 0.007) were
all significantly higher in the reduced fetal movement group than the comparison
group. As for placental pathological findings, composite maternal vascular malper-
fusion MVM)! (46.3% vs. 33.4%, respectively, P = 0.01) and inflammatory find-
ings (43.3% vs. 29.5%, respectively, P = 0.005) were both observed significantly
more frequently in the reduced fetal movement group. Multivariate analysis showed
that factors associated with infant morbidity were reduced fetal movement [aOR:
1.7 (95% CI: 1.1-4.8)] and placental MVM [aOR: 1.2 (95% CI: 1.0-2.9)].

'Dysfunction of maternal vascular perfusion is one of the five major findings added as new guide-
lines for the diagnosis of placental pathology (Amsterdam Placental Workshop Group Consensus
Statement, 2016). Specific pathological findings include chorionic hypoplasia, chorionic hyperpla-
sia, and desmoplastic membrane vasculopathy.
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6.4 Effect of Reduced Fetal Movement on Induction
of Labor [21]

6.4.1 Objective

To clarify the current status of induction of labor among pregnant women who are
aware of reduced fetal movement.

6.4.2 Method

A prospective study conducted in Stockholm in 2014. A questionnaire was admin-
istered to pregnant women with reduced fetal movement.

Study Group (Reduced Fetal Movement Group)

Two thousand six hundred and eighty-three women with singleton pregnancies after
28 weeks of gestation without fetal abnormalities who were aware of reduced fetal
movement.

Comparison Group

A total of 26,041 patients who were managed at the same time and not aware of
reduced fetal movement.

6.4.3 Results

(1) The frequency of labor induction increased in the reduced fetal movement group
[RR: 1.4 (95% CI: 1.3-1.5)]. (2) The frequency of labor induction increased as the
severity of reduced fetal movement increased: 1.3-fold increase in the number of
times perceived decreased fecundity, compared with 3.2-fold increase in the number
of times perceived decreased fecundity in pregnant women who perceived decreased
fecundity five or more times. (3) The rate of fetal problems was significantly higher
in the reduced fetal movement group [RR: 3.9 (95% CI: 3.00-5.21)], and the rate of
induced labor due to fetal indications, including low amniotic fluid and fetal growth
restriction (FGR), was significantly higher in the reduced fetal movement group
[RR: 1.6 (95% CI: 1.4-1.8)].
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6.5 Characteristics of Fetal Movement in Obese Pregnant
Women [22]

6.5.1 Objective

To determine the characteristics of fetal movement in obese pregnant women.

6.5.2 Method

We performed a secondary analysis of RCTs conducted for other purposes related
to obesity in New Zealand between April 2015 and June 2017 and a case-control
study examining risk factors for stillbirth between February 2012 and December2015.

Study Group (Obese Group)

A total of 233 obese (BMI >30) pregnant women. Pregnancies with diabetic com-
plications were excluded.

Comparison Group

A total of 149 non-obese (BMI <25) pregnant women.

6.5.3 Results

In the obese group, there was a significant difference in (1) more active fetal move-
ments before meals and (2) fewer fetal movements within 1 h of meal consumption
(47.4% in the obese group vs. 32.0% in the non-obese group, P < 0.001).

There is no clear evidence that fetal movement counting improves perinatal out-
comes. However, we would like to emphasize that fetal movement counting itself is
not meaningless. In other words, pregnant women naturally observe fetal move-
ments without active fetal movement counting, so it is difficult to show the effect of
fetal movement counting. On the other hand, it is still unclear how many pregnant
women are aware of fetal hypotonia among children with a poor perinatal prognosis
and cerebral palsy, the kind of diseases that cause fetal hypotonia, and their propor-
tion. In addition, we do not know the characteristics of cases with a good prognosis
among those with reduced fetal movement. It is necessary to clarify these issues in
a well-designed study.



144 H. Takahashi

References

1. Mangesi L, Hofmeyr GJ, Smith V, et al. Fetal movement counting for assessment of fetal well-
being. Cochrane Database Syst Rev. 2015;10:CD004909. https://doi.org/10.1002/14651858.
CD004909.pub3.

2. Winje BA, Saastad E, Gunnes N, et al. Analysis of ‘count-to-ten’ fetal movement charts: a
prospective cohort study. BIOG. 2011;118:1229-38.

3. Pearson JF, Weaver JB. Fetal activity and fetal wellbeing: an evaluation. Br Med
J. 1976;1(6021):1305-7.

4. Cronje HS, Grobler CJF, Visser AA. Obstetrics in southern Africa. Pretoria: van Schaik
Publishers; 1996.

5. Gémez LM, De la Vega G, Padilla L, et al. Compliance with a fetal movement chart by high-
risk obstetric patients in a Peruvian hospital. Am J Perinatol. 2007;24:89-93.

6. Sadovsky E, Ohel G, Havazeleth H, et al. The definition and the significance of decreased fetal
movements. Acta Obstet Gynecol Scand. 1983;62:409-13.

7. Kuwata T, Matsubara S, Ohkusa T, et al. Establishing a reference value for the frequency of fetal
movements using a modified ‘count to 10" method. J Obstet Gynaecol Res. 2008;34:318-23.

8. Koshida S, Ono T, Tsuji S, et al. Fetal movement frequency and the effect of associated peri-
natal factors: a multicenter study. Women Birth. 2019;32:127-30.

9. Grant A, Elbourne D, Valentin L, et al. Routine formal fetal movement counting and risk of
antepartum late death in normally formed singletons. Lancet. 1989;2:345-9.

10. Mikhail MS, Freda MC, Merkatz RB, et al. The effect of fetal movement counting on maternal
attachment to the fetus. Am J Obstet Gynecol. 1991;165(4 Pt 1):988-91.

11. Saastad E, Winje BA, Stray Pedersen B, et al. Fetal movement counting improved identifica-
tion of fetal growth restriction and perinatal outcomes—a multi-centre, randomized, controlled
trial. PLoS One. 2011;6:e28482.

12. Thomsen SG, Legarth J, Weber T, et al. Monitoring of normal pregnancies by daily fetal
movement registration or hormone assessment. A random allocation study. J Obstet Gynaecol.
1990;10:189-93.

13. Bellussi F, Po’” G, Livi A, et al. Fetal movement counting and perinatal mortality: a systematic
review and meta-analysis. Obstet Gynecol. 2020;135:453-62.

14. Neldam S. Fetal movements as an indicator of fetal well-being. Dan Med Bull. 1983;30:274-8.

15. Delaram M, Jafarzadeh L. The effects of fetal movement counting on pregnancy outcomes. J
Clin Diagn Res. 2016;10:SC22-4.

16. Norman JE, Heazell AEP, Rodriguez A, et al. Awareness of fetal movements and care pack-
age to reduce fetal mortality (AFFIRM): a stepped wedge, cluster-randomised trial. Lancet.
2018;392:1629-38.

17. Fukushima K, Morokuma S, Kitadai Y, et al. Analysis of antenatal-onset cerebral palsy second-
ary to transient ischemia in utero using a national. J Obstet Gynaecol Res. 2016;42:1297-303.

18. Zamstein O, Wainstock T, Sheiner E. Decreased fetal movements: perinatal and long-term
neurological outcomes. Eur J Obstet Gynecol Reprod Biol. 2019;241:1-5.

19. Heazell AEP, Budd J, Li M, et al. Alterations in maternally perceived fetal movement and their
association with late stillbirth: findings from the Midland and North of England stillbirth case-
control study. BMJ Open. 2018;8:¢020031.

20. Levy M, Kovo M, Izaik Y, et al. Reduced fetal movements at term in singleton low risk preg-
nancies-is there an association with placental histopathological findings? Acta Obstet Gynecol
Scand. 2020;99:884-90.

21. Akselsson A, Lindgren H, Georgsson S, et al. Increased labor induction and women pre-
senting with decreased or altered fetal movements—a population-based survey. PLoS One.
2019;14:e0216216.

22. Bradford B, Cronin R, McKinlay C, et al. Maternally perceived fetal movement patterns: the
influence of body mass index. Early Hum Dev. 2019;140:104922.


https://doi.org/10.1002/14651858.CD004909.pub3
https://doi.org/10.1002/14651858.CD004909.pub3

Placental Abruption )

Check for
updates
Shunji Suzuki
Contents
1 Definition and Pathogenesis of Placental Abruption (PA)............ccooiiiiiiiiiiiiant . 146
) N 7= 11115 o) 1 N . 146
1.2 CHNICAl PrOZIeSS. ... vv ettt ettt et e et e e e e e e e e 146
2 Symptoms of Placental Abruption (PA) Associated with Cerebral Palsy (CP)............. 147
2.1 Relation to Cerebral Palsy (CP)........cocuiiiiiiiiiiii il 147
2.2 Brain MRI Findings of the Neonates Associated with Cerebral Palsy (CP).......... 148
2.3 Clinical Manifestations Associated with Cerebral Palsy (CP)..................c....e 148
3 Diagnosis of Placental Abruption (PA)............coooiiiiiiiiiiiiii 149
3.1 Clinical FINAINGS. ... uutiit et 149
3.2 Ultrasound EXamination. ... ....eeeenuuuteeeeenteeeeeeiiiteeeeeniiieeeeeenannneen 150
3.3 Fetal Heart Rate MONItOTINE. . ... coouuuttiiittiit it eaee 150
3.4 Case Report of Placental Abruption (PA)..........oviuiiiiiiiiiiiiiiiiiiieaiiiean 150
4 Treatment and Prevention of Placental Abruption (PA).........cc.ooiiiiiiiiiiiiiiiiiin. 151
4.1 What to DO at DIag@nosis. . ....ouuuttiiniitiii e 151
4.2 Risk Factors and Prevention. ............o.oiiiiiiiiiiiiiiii i e, 152
2SS 2S5 1T 153
Summary

* Placental abruption (PA) is a condition in which the placenta separates
from the normal implanted site of uterine body before the delivery of the
fetus. It has been identified as the most common cause of cerebral palsy
(CP) among those registered in the Japan Obstetric Compensation System
for Cerebral Palsy (JOCS-CP).

* They are classified into two groups: revealed hemorrhage/abruption type
with external hemorrhage and concealed hemorrhage/abruption type with-
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out external hemorrhage. The latter has a poorer prognosis for the mother
and infant.

* Because there has been no evidence-based prevention method for AP, it is
required to inform pregnant women about AP and to establish a fetal emer-
gency transport system.

*  When acute-onset AP where fetal survival has been confirmed is diagnosed
based on clinical symptoms, the baby should be delivered as soon as
possible.

1 Definition and Pathogenesis of Placental Abruption (PA)

1.1 Definition

Placental abruption (PA, premature separation of the normally implanted placenta)
is a condition in which the placenta detaches from the normal implanted site of
uterine body before the delivery of the fetus. Placental separation will begin when
ischemic necrosis occurs in the basal decidua and maternal blood vessels in the
decidua fail, and the hematoma formed along the decidua (retroplacental hema-
toma) further separates the adjacent placenta, eventually separating the entire pla-
centa from the uterine wall. If the separation area becomes large, non-reassuring
fetal status (NRFS) or fetal demise will occur [1].

On the maternal side, tissue thromboplastin enters the bloodstream and promotes
blood coagulation (microthrombosis) in blood vessels throughout the body, result-
ing in disseminated intravascular coagulation (DIC) due to significant consumptive
coagulopathy and increased fibrinolysis.

1.2 Clinical Progress

The time course of AP varies depending on whether the failed vessel is an artery or
a vein and its size. The placental findings of AP are characterized by hemorrhage in
the basal decidua, which is accompanied by hemorrhagic degeneration and necrosis
of the decidua plate, and by the fact that the hematoma adheres to the decidua plate
and becomes difficult to remove manually as time passes after the formation of the
posterior placental hematoma. The maternal surface of the placenta where the
hematoma is present sometimes shows “indentation,” as if the chorionic tissue has
caved in. Histopathologically, an infiltration of blood cells from the hematoma will
be observed to be into the decidua. As a cause of vascular disruption, it has been
reported that morphological abnormalities in the uterine spiral arteries occur during
the invasion of trophoblast cells into the desquamation membrane in cases of
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premature desquamation [2] and that granulocyte elastase, a proteolytic enzyme
activated by inflammation in intrauterine infection (= chorioamnionitis, CAM). In
the case of CAM, it has been reported that granulocyte elastase, a proteolytic
enzyme activated by inflammation, may cause a decrease in the adhesiveness of the
decidua to the uterine wall or the vascularity of the decidua may be disrupted by the
weakening of the chorionic and/or decidual membranes where the inflammation has
been spread. In addition, an arterial hemorrhage caused by the former tends to occur
suddenly and progress rapidly, whereas in the latter case, a venous hemorrhage
associated with CAM tends to be triggered by symptoms of preterm labor or prema-
ture rupture of the membranes (PROM) and tends to progress relatively slowly.

Furthermore, when slow venous hemorrhage occurs in mid-pregnancy, chronic
PA sometimes progress to a poor prognosis complicated by chronic abruption-oli-
gohydramnios sequence (CAOS), in which the amniotic fluid level is low due to the
decrease in fetal renal circulation; however, in this section, we will focus only on the
acute-onset AP.

2 Symptoms of Placental Abruption (PA) Associated
with Cerebral Palsy (CP)

2.1 Relation to Cerebral Palsy (CP)

In cases of PA, residual neurological sequelae have been reported to be noted in
15-20% of surviving infants [1]. PA is the most common disease for cerebral palsy
(CP) among those registered in the Japan Obstetric Compensation System for
Cerebral Palsy (JOCS-CP) [3]. About 20% of the main causes of CP are PA (about
35% in preterm infants). On the other hand, according to the overview of PA in the
Japan Society of Obstetrics and Gynecology Perinatal Registry (2001-2010), the
average onset time of PA was 34.2 weeks of gestation, and about 36% of the cases
occurred at less than 34 weeks of gestation [4]. In a previous study by Pariente et al.
[5] on the long-term prognosis of children with PA, PA did not lead to an increase
in hospitalization due to neurological symptoms in infants; however, PA was associ-
ated with an increased incidence of cerebral palsy and developmental disabilities
(hazard ratio: 6.71 and 3.36, respectively).

About 10% of the cases of CP registered in the JOCS-CP have been reported to
have no problem with the findings of umbilical artery blood gases; however, in all
cases of CP caused mainly by PA, the umbilical artery pH was low suggesting the
presence of fetal hypoxia (ischemia) [6]. The fetus receives oxygen and nutrients
from the mother through the placenta, and if the placenta is separated before fetal
delivery, the oxygen supply to the fetus will be insufficient resulting in fetal
hypoxia. The prognosis of the infant is correlated with the size of area of PA. If the
area is large, neonatal death or CP may be resulted even if the fetus is rapidly deliv-
ered. Once in Japan, a modified version of Page’s classification, which includes the
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degree of PA, had been frequently used for a wide range of symptoms of PA. This
classification can be used only for a retrospective review of the cases because of the
low evidence on the degree of PA. For example, there is the possibility of loss of
fetal beat even in the mild Page’s classification. Therefore, the classification will
not be useful in clinical practice to achieve desirable neonatal outcomes.

2.2 Brain MRI Findings of the Neonates Associated
with Cerebral Palsy (CP)

Brain MRI findings in infants with CP due to PA include hypoxic-ischemic enceph-
alopathy (HIE) in full-term infants and periventricular leukomalacia (PVL) in pre-
term infants. The former is subdivided according to the severity and duration of
hypoxia/ischemia as follows: (1) total asphyxia, in which both the brainstem and
mesencephalon are affected, which is caused by a short but severe episode of acide-
mia/ischemia due to PA associated with arterial hemorrhage and (2) profound
asphyxia, in which the basal ganglia and thalamus are affected. The prognosis of
full-term infants correlates with the severity and duration of fetal bradycardia. On
the other hand, in preterm infants, the gestational weeks and the presence of intra-
uterine infection (inflammation) are major confounding factors for CP. This is also
related to the fact that preterm deliveries with PA have been often managed as pre-
term labor associated with chorioamnionitis and have a high prevalence of PA with
revealed hemorrhage in which the placenta is separated from the marginal side asso-
ciated with PROM [3, 4]. In preterm infants, hypercytokinemia has been observed
to be associated with the development of PVL, even if PA does not develop, and also
has caused multiple organ failure such as chronic lung disease and/or necrotizing
enterocolitis as fetal inflammatory response syndrome (FIRS).

2.3 Clinical Manifestations Associated with Cerebral
Palsy (CP)

The first subjective symptoms of PA in pregnant women are genital bleeding,
abdominal pain, abdominal distension, and decreased or absent fetal movements
suggesting severe fetal asphyxia. PA is characterized by two types of hemorrhage
depending on the site of separation: (1) revealed hemorrhage/abruption (Fig. 1a), in
which the separation proceeds from the marginal side of the placenta and external
bleeding is observed, and (2) concealed hemorrhage/abruption (Fig. 1b), in which
blood accumulates between the placenta and the uterine wall and no external bleed-
ing is observed [7]. The latter type, which accounts for 20—40% of all PA, has
adverse neonatal outcomes and is associated with a high incidence of intrauterine
fetal demise. Conversely, genital bleeding is the first clinical symptom in the
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Fig. 1 Types of hemorrhage in placental abruption. (Reproduced with permission from [7]). (a)
External bleeding in placental abruption (revealed hemorrhage/abruption). (b) No external bleed-
ing in placental abruption (concealed hemorrhage/abruption)

majority of PA cases; however, intrauterine fetal death or severe neonatal asphyxia
is not common in cases of massive hemorrhage. In cases of revealed hemorrhage/
abruption, in which bleeding is discharged outside the uterus, it can be expected that
external bleeding may prevent the separation toward the center of the placenta; how-
ever, in cases of concealed hemorrhage/abruption, separation toward the center of
the placenta may proceed and result in the formation of a posterior placental hema-
toma increasing intrauterine pressure. In addition, the absence of external bleeding
tends to delay the diagnosis of PA, which worsens the neonatal outcomes. Bloody
amniotic fluid is often absent at the time of cesarean section in the absence of PROM
[8]. The risk of developing DIC is also increased because tissue thromboplastin is
more likely to enter the maternal circulation in cases of concealed hemorrhage/
abruption.

3 Diagnosis of Placental Abruption (PA)

3.1 Clinical Findings

The diagnosis of PA begins with the suspicion of PA based on the various clinical
findings such as genital bleeding (often non-coagulative), abdominal pain (plate-
like hardness, often sustained contractions with no distinct intervals), abnormal
fetal heart rate patterns in cardiotocogram (CTG), cyclic uterine contractions,
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uterine tachysystole, similar contractions with preterm labor, and irregular wave-
like uterine contractions.

3.2 Ultrasound Examination

In ultrasonography, placental thickening and/or hematoma between the placenta
and uterine wall (= retroplacental hematoma) may be observed in typical or
advanced cases of PA. The specificity of the ultrasonographic findings in PA is high
(96%), but the sensitivity is low (24%) [9]. Therefore, the presence of a retroplacen-
tal hematoma on ultrasonography can lead to a definitive diagnosis of PA; however,
the possibility of PA cannot be ruled out even if no abnormal findings are observed
in ultrasound examination. If the placenta is located at the anterior wall of the uterus,
abdominal pain can be noticed immediately after the onset of the PA, and it may be
relatively easy to identify the findings of PA by the palpation with the palm (plate-
like hardness) and/or ultrasonography.

3.3 Fetal Heart Rate Monitoring

According to a retrospective study of low-risk pregnant women in Miyazaki
Prefecture, Japan [10], when fetal heart rate abnormalities (repeated late decelera-
tions or bradycardia) were already present at the time of admission, PA was com-
mon (46% of them), and 73% of the PA cases resulted in CP or stillbirth. Therefore,
if a fetal heart rate abnormality is observed in women with symptoms of impending
preterm labor, the management should be performed with the assumption of PA. In
addition, since abnormal fetal heart rate patterns may become apparent or develop
after the admission, it is necessary to re-observe the fetal heart rate patterns and
confirm that there is no fetal heart rate abnormality if subjective symptoms change
during the management of preterm labor.

3.4 Case Report of Placental Abruption (PA)

Figure 2 shows the findings of CTG in a case of preterm labor complicated by PA
with revealed venous hemorrhage. At 39 weeks and 0 days of gestation, she visited
her primary care midwifery home because of PROM. She complained frequent uter-
ine contractions, and bloody amniotic fluid was observed. She was transferred to a
regional perinatal center due to suspicion of PA. At the time of arrival to the perina-
tal center, she had an external hemorrhage of 160 g. However, ultrasonography did
not reveal the presence of retroplacental hematoma or placental thickness. She was
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Fig. 2 Fetal heart rate in the cardiotocogram in a case of placental abruption due to venous
hemorrhage

monitored with CTG. An emergent cesarean section was performed because of
decreased baseline variability and repeated late decelerations in the CTG. During
surgery, a large amount of hemorrhage with clots in the uterus and a retroplacental
hematoma were observed. The neonatal Apgar scores were 8 and 9 at 1 and 5 min,
respectively, and the umbilical artery pH was 7.170. According to the case, it is
important not to overestimate the findings of ultrasonography and to suspect PA
based on clinical symptoms.

On the other hand, in cases of PA with arterial hemorrhage, the fetal heart rate
usually shows bradycardia at the time of admission, and a decision to perform an
emergent cesarean section often has to be performed before installing CTG.

Ideally, PA should be suspected based on clinical findings before fetal heart rate
abnormalities are detected. It is also important not to deny the possibility of PA in
any situation where fetal heart rate abnormalities are detected. In cases of transport-
ing pregnant women on suspicion of PA, it is important to share information and not
to waste time in confirming the diagnosis of PA in the receiving facilities.

4 Treatment and Prevention of Placental Abruption (PA)

4.1 What to Do at Diagnosis

When PA occurs, the fetus should be delivered as soon as possible in cases where
the fetus is alive. In particular, if the fetus has a potential for intact survival and a
forced vaginal delivery is not possible, an emergent cesarean section should be per-
formed. The golden time for intact survival has been suggested within 1 h of the
onset of PA, and the risk of maternal critical obstetric hemorrhage and DIC increases
after 2-3 h of PA onset. Therefore, although it is necessary to pay attention to the
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risk of maternal DIC during and after cesarean section, it is advisable to omit pre-
operative examinations as much as possible and to shorten the preoperative time in
order to expect a good neonatal outcome. In addition, in cases of severe fetal brady-
cardia or fetal death, the CTG may misrecord the maternal heart rate as the fetal
heart rate. If it is difficult to differentiate between the two heart rates, the presence
and number of fetal heart rate should be confirmed by ultrasonography.

The prognosis of fetus with PA might be best when preterm labor occurs in one
institution and the fetus is delivered rapidly, but about 70% of PA resulted in CP in
Japan occurred outside of obstetric institutions [3]. Because about half of all deliv-
eries are managed in private clinics in Japan, it is important to inform pregnant
women about AP and to establish an emergency transport system especially for
women who develop PA at home. Specifically, for the former, all pregnant women
should be informed by around 30 weeks of gestation so that they should contact
obstetric institutes as soon as possible if they have unusual symptoms such as
abdominal pain or bleeding. In the latter case, the following points should be men-
tioned: (1) clarification of the decision criteria for transport according to the func-
tion and role, (2) smooth provision and understanding of information between the
transporting and receiving facilities, and (3) advance preparation of delivery based
on the premise of forced delivery at the receiving institute [3].

It is advisable for each institute and region to make arrangements and simulate
the response to PA in advance, including the call of staff, emergent cesarean section,
and preparation for maternal transport. In addition, because it is often impossible to
record medical records during the response, the record should be kept over time, and
a detailed record should be noted after treatment is completed.

4.2 Risk Factors and Prevention

There is no evidence-based prevention for PA. Risk factors for the development of
PA include a history of PA and younger and older pregnancies [10]. A review in
Europe and the United States [11] reported that there is a large regional difference
in the involvement of smoking and that the use of magnesium sulfate decreases the
risk of PA, whereas the risk of PA is increased in hypertensive disorders. On the
other hand, it has been reported that the risk of recurrence of PA in the next preg-
nancy tends to be lower in patients with hypertensive pregnancy. In contrast to these
findings, 9.7% of pregnant women registered in the JOCS-CP who developed PA
have been reported to smoke during pregnancy, and 18.8% have been reported to
have hypertensive disorders.

In addition, epidemiological studies have shown that inadequate folic acid intake
was associated with an increased incidence of PA; Ruiter et al. in the Netherlands
[12] found that the overall incidence of PA was about 0.2% and the incidence of PA
increased to 5.8% if there was a history of PA (0.06% if there was no history; odds
ratio 93). The incidence of recurrent PA in the second pregnancy was 2.3% and
3.3% for women who had PA at 22-31 and 32-36 weeks of first gestation,
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respectively; however, it was 11% for women who had PA at 37 weeks or later of
the first gestation. About half of the recurrent PA occurred before 37 weeks of next
gestation. Therefore, planned delivery at 37 weeks of gestation may be an option for
women with a history of PA after 37 weeks of previous gestation.
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» Definitions and diagnostic criteria for intrauterine infection/chorioamnion-
itis (CAM) have not been standardized.

» Regarding the association between CAM and cerebral palsy, there is a dif-
ference between the backward approach (involvement of CAM as an
underlying disease from the viewpoint of cerebral palsy) and the forward
approach (onset of cerebral palsy from the viewpoint of the presence of
CAM). This may be related to the fact that the diagnostic criteria are not
always consistent.

» Cytokines are important factors that link the two. In sensitized or precon-
ditioned fetuses, inflammation may lead to brain damage even when the
hypoxic stress is minimal.
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1 Diagnosis and Problems of Intrauterine Infection/
Chorioamnionitis

Normally, the uterus is a sterile environment, and the fetus is protected from the
outside world by the uterus, placenta, and fetal membrane. Intrauterine infection is
a condition in which pathogens (such as bacteria and viruses) invade the uterus,
placenta, amniotic fluid, and fetus. Bacterial infections of the uterus are mainly
ascending infections caused by indigenous vaginal bacteria and are classified into
the following four stages:

Stage I: Bacterial vaginosis or cervicitis, in which the vaginal flora is altered and
invades the cervix.

Stage II: Placental, fetal membranous, or decidual infection (so-called chorioamni-
onitis: CAM), in which the bacteria reach the uterus and inhabit the decidua.
Stage III: Choriovasculitis or intra-amniotic infection, in which bacteria have

invaded the fetal blood vessels or amniotic fluid.
Stage I'V: Fetal infection in which bacteria invade the fetus by swallowing or other
means [1].

On the other hand, from a pathological point of view, the term histological cho-
rioamnionitis (hCAM) is used as an indicator of intrauterine infection, which is a
condition in which inflammatory cells infiltrate either the fetal membrane, chorionic
plate, subchorionic space, chorionic vessels, umbilical cord, or Walton’s jelly [2].

1.1 Inflammatory Reaction

Inflammatory reactions associated with bacterial invasion can be divided into two
groups: maternal and fetal. The leukocytes in the amniotic fluid, umbilical cord, and
chorionic surface vessels are of fetal origin, whereas those in the placenta are of
maternal origin. Not surprisingly, the presence of inflammation on the fetal side is
associated with more complications in the fetus/neonate.

These inflammations can be classified as acute or chronic (subacute). Chronic
inflammations can cause more severe neonatal complications because of the longer
duration of fetal inflammation.

1.1.1 Findings Indicative of Chronic (Subacute) Inflammation

Necrotizing funisitis and necrotizing chorioamnionitis are known as clinical entities
of chronic (subacute) inflammation. Necrotizing funisitis refers to the presence of
bands or calcification around the umbilical vessels caused by degeneration of
inflammatory cells, while necrotizing chorioamnionitis refers to the presence of
necrotic tissue under the amnion.
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Stillbirth, fetal growth restriction, neonatal infection, and necrotizing enterocoli-
tis are more common in cases with necrotizing funisitis than in cases with acute
funisitis [3].

In 2003, the Society for Pediatric Pathology, Perinatal Section, Amniotic Fluid
Infection Nosology Committee tried the classification of placental and umbilical
cord inflammation according to the maternal and fetal side, the degree of progres-
sion, and the duration. They proposed the stage and grade classification as shown in
Table 1 [4]. In other words, inflammation in the placenta (decidua, chorionic plate)
is classified as inflammation of maternal origin, while vasculitis of the chorionic
surface and funisitis are classified as inflammation of fetal origin.

Table 1 Placentareaction patterns related to amniotic fluid infection: nomenclature and definitions
(reproduced with permission from [4])

Diagnostic
categories Suggested diagnostic terminology | Definitions
Maternal inflammatory response
Stage
1—Early Acute subchorionitis or PMN in subchorionic fibrin and/or

chorionitis

membrane trophoblast

2—Intermediate

Acute chorioamnionitis

Diffuse-patchy PMN in fibrous chorion
and/or amnion

3—Advanced | Necrotizing chorioamnionitis PMN karyorrhexis, amniocyte necrosis,
and/or amnion basement membrane
thickening/hypereosinophilia
Grade
No special terminology required | Not severe as defined below
1—Mild—
moderate
2—Severe Severe acute chorioamnionitis or | Confluent PMN (>10 x 20 cells
with subchorionic microabscesses | in extent) between chorion and
decidua; >3 isolated foci or continuous
band
Other Chronic (or subacute) Subamnionic mononuclear cell infiltrate

chorioamnionitis with occasional PMN (meconium and
hemosiderin-laden macrophages
excluded)
Fetal inflammatory response
Stage
1—Early With chorionic vasculitis or Intramural PMN-chorionic vessels and/

umbilical phlebitis

or umbilical vein

2—Intermediate

With umbilical vasculitis (one or
two arteries + vein) or umbilical
panvasculitis (all vessels)

Intramural PMN-umbilical artery or
arteries (xumbilical vein)

3—Advanced

With (subacute) necrotizing
funisitis or with concentric
umbilical perivasculitis

PMN = associated debris in concentric
bands-rings-halos around one or more
umbilical vessels

(continued)
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Table 1 (continued)

Y. Matsuda

Diagnostic
categories Suggested diagnostic terminology | Definitions
Grade
No special terminology required | Not severe as defined below
1—Mild-
moderate
2—Severe With a severe fetal inflammatory | Near confluent intramural PMN-
response or with intense chorionic and/or umbilical vessels
chorionic (umbilical) vasculitis with attenuation/degeneration of
VSMC
Other With associated fetal vessel Recent thrombosis associated with
thrombi intramural PMN
Other specific Peripheral funisitis Focal aggregates of PMN at the
features umbilical cord surface
Acute villitis PMN in villous stroma (or between
trophoblast and stroma)
Acute intervillositis with Patchy-diffuse PMN in intervillous
intervillous abscesses space
Decidual plasma cells Unequivocal plasma cells in decidua
basalis or capsularis

PMN polymorphonuclear leukocyte, VSMC vascular smooth muscle cell

As mentioned above, the infection moves from the outside to the inside of the
placenta, and the closer the infection is to the fetus, the more severe the disease
becomes, and the longer the infection is present, the more chronic (subacute) the
inflammation becomes.

1.2 Clinical Chorioamnionitis (cCAM)

The term clinical chorioamnionitis (cCAM) is used interchangeably with intrauter-
ine infection when the infection manifests itself as maternal symptoms.
As a diagnostic criterion, “maternal fever of 38°C or higher with maternal or

infant tachycardia, uterine tenderness, foul odor of amniotic fluid or vaginal dis-
charge, or increased maternal leukocytes” by Lenki et al. [S5] has been widely used,
but it is not without its problems.

1.3 Introduction of Triple I

In fact, there is still confusion concerning the distinction between cCAM and hCAM
and its use in relation to intrauterine infection. A workshop was held in 2015 on the
diagnosis and management strategies for CAM. As the terminology used for CAM
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so far is not uniform, Triple I (intrauterine inflammation or infection or both) was
newly proposed as a more general and descriptive term [6].
In addition to fever, one or more of the following four items:

1. Fetal tachycardia (>160 bpm for 10 min or longer)

2. Maternal WBC >15,000 in the absence of corticosteroids

3. Purulent fluid from the cervical os (cloudy or yellowish thick discharge con-
firmed visually on speculum exam to be coming from the cervical canal)

4. Biochemical or microbiologic amniotic fluid results consistent with microbial
invasion of the amniotic cavity

And pregnant women with fever can be divided into three types as follows.

. Isolated maternal fever (documented fever)
. Suspected Triple I: 1-3 above
. Confirmed Triple I: If all of the following are satisfied in addition to 1-3 above

a®m >

Amniocentesis confirms infection (gram stain).

Low levels of sugar in amniotic fluid or positive amniotic fluid bacterial
culture.

Histopathological examination of the placenta shows findings of infection.

e Fever was defined as follows: Measured orally, 39 °C or more (102.2 °F), or
38 °C or more (100.4 °F) and less than 39 °C, retested 30 min later if the same
is true.

Confirmed Triple I is diagnosed after delivery, and appropriate antimicrobial
agents (ampicillin + gentamicin is described here) are started in suspected Triple
I. However, it is necessary to distinguish between suspected and confirmed Triple I
for the management of neonates. Reports on the association with cerebral palsy
based on such classifications are awaited.

2 Association with Cerebral Palsy

2.1 Current Situation in Japan

In 2009, the Japan Obstetric Compensation System for Cerebral Palsy (JOCS-CP)
was launched in 2009 to provide financial compensation for children with CP, as
well as to investigate the causes and make recommendations for preventing recur-
rence, and 2457 cases were reported in a report by the Committee for Prevention of
Recurrence after analyzing the causes [7].

As maternal complications, chorioamnionitis accounted for 14.5% (357 cases).
However, the term “chorioamnionitis” in this case is annotated as “chorioamnion-
itis (hCAM)” diagnosed by placental histopathological examination. Moreover,



160 Y. Matsuda

the number of cases in which this infection was considered to be the sole or com-
bined cause was 60 or 2.4% of all cases (the infection is only described as being
other than GBS or herpes infection, such as chorioamnionitis or intrauterine
infection).

2.2 A Systematic Review
2.2.1 Relationship Between cCAM/hCAM and CP

Meta-analyses and systematic reviews of the association between cCAM/hCAM
and CP have been published in 2017, and these associations have been examined
from two perspectives [8]: (1) a comparison of the incidence of CP in the presence
or absence of CAM (forward perspective study, forward approach) and (2) a com-
parison of the incidence of CAM in the presence or absence of CP (backward per-
spective study, backward approach).

In the former study, 17 references were reviewed (with CAM: 125,256 vs. with-
out CAM: 5,994,722) and were found that CP in preterm with hCAM increased
(risk ratio [RR] = 1.34, P < 0.01), but did not differ between those with and without
cCAM. On the other hand, in the latter study, 22 references were reviewed (with CP:
2513 vs. without CP: 8135) and found that cCAM (RR = 1.43, P < 0.01) increased
in the CP group compared with the group without CP, but there was no increase in
hCAM in preterm CP. Increased hCAM was found (RR =4.26, P < 0.05), as well as
cCAM in term/near-term CP (RR = 3.06, P < 0.01).

This means that there was no difference in the incidence of CP between patients
with and without CAM, but there was a difference in the frequency of CAM between
patients with and without CP. The overdiagnosis of CAM has been pointed out as a
reason for this. As mentioned above, the diagnostic criteria of Lenki et al. that are
currently widely used for the diagnosis of cCAM do not correlate with severe infec-
tion/inflammation of the fetus.

As a future perspective, the authors emphasize the need for a unified study of the
diagnosis of CAM using the aforementioned concept of Triple I (intrauterine inflam-
mation or infection or both).

2.2.2 Association of CP with Maternal Infections Other Than CAM

On the other hand, there are not many reports on the relationship between maternal
infection other than CAM and CP.

Bear and Wu [9] compared the incidence of CP in CAM and non-CAM extra-
amniotic infections (other genitourinary and respiratory) that occurred in the
12 months before delivery from a California birth cohort (1991-2001) of 6
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million cases. Multivariate analysis adjusting for infant sex, maternal age, race,
education, socioeconomic status, and obesity showed that the frequencies of
CAM, genitourinary, and respiratory infections were 2.0%, 3.1%, and 0.6%,
respectively. An infection diagnosis was more common in mothers of the 8473
infants with cerebral palsy than in mothers of unaffected children (13.7% vs.
5.5%, P < 0.001). All three types of maternal infections (chorioamnionitis, OR
3.1, 95% CI 2.9-3.4; other genitourinary infection, OR 1.4, 95% CI 1.3-1.6; and
respiratory infection, OR 1.9, 95% CI 1.5-2.2) were associated with cerebral
palsy in multivariable analyses. Maternal extra-amniotic infections, whether
diagnosed during prenatal or birth hospitalizations, conferred an increased risk
of cerebral palsy.

The reason for this is that severe respiratory infections that require hospitaliza-
tion induce a systemic inflammatory response, leading to fetal brain damage by the
same mechanism as CAM. Furthermore, maternal hypoxia can also lead to fetal
brain damage if it is prolonged. In addition, antimicrobial agents used for the treat-
ment of infection can also lead to fetal brain damage, as shown in the ORACLE II
study [10].

2.2.3 Report by Freud et al.

Freud et al. [11] examined neurological morbidity (outcome) up to 18 years of
age in a population-based retrospective cohort analysis. Of the 238,622 neonates,
0.5% had maternal CAM, and 3.1% were hospitalized for neurological morbid-
ity. There was no difference between patients with and without CAM (3.8% vs.
3.1%), but there was an association in CP (0.5% vs. 0.1%, OR 5.77, 95% CI
2.5-13.0). The association was also found after adjusting for preterm birth, birth
weight, maternal complications such as diabetes and HDP, and mode of delivery
(HR = 2.78, 95% CI 1.20-6.43). Based on these results, it is essential to deliver
the baby as soon as possible after the diagnosis of CAM, and this will lead to
prevention.

2.2.4 Report by Shevell et al.

Shevell et al. [12] analyzed 455 CPs with placental pathology from the Quebec birth
cohort in Canada. Of these, 12% had findings of hCAM. These placentas were more
frequently above the 90th percentile for placental weight than placentas without
hCAM (53.7% vs. 30.7%) and more often delivered at less than 32 weeks (51.9%
vs. 24.1%). Children with hCAM had more spastic paraplegia (37% vs. 19.2%), and
MRI findings showed more periventricular white matter injury (PWMI) (52.9% vs.
35.8%), suggesting the need for a case-control study is necessary.
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2.3 Pathophysiology

Although the causal relationship between CAM and CP has not been fully eluci-
dated, it is generally inferred as follows.

1. Infection activates inflammation-related pathways and releases various inflam-
matory markers (cytokines, interleukins, etc.). Inflammatory cytokines directly
damage oligodendroglial cells and neurons through the activation of microglial
cells and neurotoxicity, resulting in neurobehavioral abnormalities [13].

2. There is a known interaction between subthreshold injury, such as inflammatory
cytokines, and other severe injuries, such as subsequent hypoxia [14], and the
interval between both injuries determines whether the brain damage is reduced
(tolerance) or becomes worse (sensitization) [15].

3. In sensitized or preconditioned fetuses, inflammation may lead to brain damage
even if the hypoxic stress is minimal [16].

4. Furthermore, in relation to preterm birth, the increase in cytokines leads to
enhanced uterine contractions, resulting in preterm birth, and IVH (intraven-
tricular hemorrhage) and PVL (periventricular leukomalacia), which are associ-
ated with CP in preterm infants, are more likely to occur. The involvement of
cytokines has also been shown here [17] (Fig. 1). Similar to systemic inflamma-
tory response syndrome (SIRS) in adults, fetal inflammatory response syndrome
(FIRS) was proposed based on the idea that fetal hypercytokinemia causes mul-
tiple organ failure in infants is considered to be the most severe form of CP as
well as neonatal/infant death.

3 Toward Prevention

The authors examined the umbilical arterial blood pH in cases of CAM based on a
report prepared by the Committee for Analysis of Causes of the Japan Obstetric
Compensation System for Cerebral Palsy (JOCS-CP). Comparing the pH values of
168 cases divided by major causes, the mean pH of 17 CAM cases was 7.02
(6.8-7.19), which was lower than that of 42 cases of placental abruption 6.72
(6.43-6.99) [18]. Furthermore, when the frequency of severe acidosis (pH < 7.0)
was compared between patients with and without CAM, 26.3% (5/19) of the cases
with CAM were less than 74.6% (50/67) in the group without CAM [19]. This result
confirms the finding of basic research that even mild hypoxia can cause brain dam-
age if CAM is coexistent with acidosis.

In actual clinical practice, it may be an option to consider early delivery even if
the nonreassuring fetal status is not severe on CTG while administering antimicro-
bial agents when CAM is detected.
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Fig. 1 Pathogenesis of cerebral palsy and neurocognitive deficits in the preterm infant.
(Reproduced with permission from [17])
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Summary

» Fetomaternal hemorrhage is a serious condition that causes fetal circula-
tory failure and anemia due to the entry of fetal blood into the maternal
circulation. Although it is infrequent, it can cause fetal death or neurologi-
cal injury.

* Reduced or no fetal movement is the only symptom felt by the mother.

» Peak systolic velocity of the middle cerebral artery by ultrasound and
maternal blood tests are useful for diagnosis. Although it is a rare disease,
urgent diagnosis and treatment are necessary.
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1 Overview

Fetomaternal hemorrhage (FMH) is a condition in which fetal blood enters the
intervillous space of the maternal side due to damage or abnormality of the placen-
tal villi, resulting in anemia due to blood loss in the fetus. Depending on the volume
of fetal blood into the maternal circulation, fetal and neonatal complications may
vary. In severe cases, severe anemia and circulatory failure may occur, leading to
sequelae and death. Since hydrops typically does not develop until the Hb deficit is
>7 g/dL, severe fetal anemia is generally considered to be Hb <7 g/dL [1].

In all pregnancies, a very small amount of fetal blood may enter the maternal
circulation, but this is not a problem in most cases. The circulating blood volume of
the fetal placenta is 30 mL at about 20 weeks’ gestation and 80-125 mL/kg of fetal
weight near the expected date of delivery [2]. In normal pregnancies, the frequency
and volume of entry into the maternal circulation increase with the gestational
weeks, with a frequency of 53% and an average of 0.07 mL in the first trimester,
53% and 0.08 mL in the second trimester, 72% and 0.13 mL in the third trimester,
and 76% and 0.19 mL at delivery [3]. Although there are no clear criteria for FMH,
traditionally, it has been defined as hemorrhage of >30 mL fetal blood into the
maternal circulation, as this is the volume of Rh-positive whole fetal blood that is
covered by a standard 300 pg dose of RhIG to prevent alloimmunization, and this
frequency has been reported to be about 0.3% [1]. Severe cases are considered to be
more than 80—150 mL or more than 20 mL/kg [4]. The frequency of FMH of more
than 80 mL was reported to be 0.9/1000 cases, and that of more than 150 mL was
reported to be 0.2/1000 cases [2].

2 Causes and Risk Factors

The cause of the FMH is still unknown. In placental pathology, placental infarction,
retroplacental hematoma, pallor, edema, increased number of nucleated erythro-
cytes on the fetal blood side, and intravascular thrombus on the fetal side are more
frequently observed in cases of FMH compared with normal cases, and these find-
ings are reported to be more frequent in severe cases [2, 4]. It is thought that the
barrier mechanism in the placenta is disrupted or permeability is increased, causing
fetal blood to flow into the intervillous space from the high-pressure fetal circula-
tion. It is not clear what determines whether such a leak in the placental barrier will
remain small, heal entirely, or result in massive acute blood loss. One theory is that
the thrombosis represented a protective mechanism to limit the extent of the FMH
and that the thrombotic lesions therefore represented prior episodes of FMH [2].
Factors reported to be associated with FMH include race, region, external
cephalic version, abdominal trauma, abruption, umbilical vein anomalies, chorio-
amnionitis (CAM), monochorionic amniotic twins, preeclampsia, placental tumors,
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amniocentesis, and fetal laser therapy. Of these, abruption, abdominal trauma, and
the presence of placental tumors are strongly related to FMH [2, 5]. In 1999, Ghidini
and Korker [6] summarized the reports of external cephalic version showing FMH
occurred in 16 (2.6%) of 664 cases of external rotation. The time lapse between the
procedure and the onset of the FMH is unknown, but 1/4 of these patients had
abnormal cardiotocography (CTG), and some had acidemia.

The association between choriocarcinoma of the placenta and FMH has also
been noted. In 2018, She et al. [7] summarized a report of 24 cases of choriocarci-
noma of the placenta with FMH. There were six cases of intrauterine fetal death
(IUFD), and among the surviving cases, there were mild to severe cases, and, of
note, 20% had metastasis to the fetus. Therefore, when the FMH is observed, patho-
logical search of the placenta is necessary, and attention should be paid to the pres-
ence of choriocarcinoma.

In 2016, Stroustrup et al. [S] conducted a retrospective study of 23 cases of FMH
and 92 cases in the control group. They found that there was no association between
race, maternal age, pregnancy complications (such as diabetes, maternal hyperco-
agulopathy, hypertensive disorders of pregnancy, multiple pregnancy, placenta pre-
via, CAM, etc.) and FMH and that in the FMH group, there are many cases in which
the mothers work outside the home. As the number of cases is small, it is not a clear
risk factor at present. In a study of 20 cases of FMH in the “Japan Council for
Quality Health Care, 10th Report on Prevention of Recurrence, The Japan Obstetric
Compensation System for Cerebral Palsy, March 2020,” no specific maternal back-
ground was found [8]. The number of cases of FMH is small, and it is difficult to
conduct a large-scale study, and the search for risk factors and causes is insufficient.
About 80% of cases of FMH have no known cause [2], and further investigation
is needed.

3 Symptoms

The symptoms of the FMH are listed in Table 1 [2]. Although there are no specific
symptoms, many pregnant women complain of decreased or absent fetal move-
ments. In the “Report on Prevention of Recurrence,” 58 % of the reasons for visiting
the hospital were “decreased or absent fetal movements,” 21% were onset of labor
pain, 11% were rupture of membrane, 5% were abdominal pain and bleeding, and
the other 21% were asymptomatic [8].

The diagnosis of FMH is not easy to make based on symptoms alone, but CTG
may be the key to detection. It is well known that fetal anemia presents with a sinu-
soidal pattern, but as shown in Tables 1 and 2, there are few typical cases and a
variety of CTG findings. Therefore, it is not easy to diagnose FMH by CTG alone,
but it is necessary to keep FMH in mind as one of the differential diseases in cases
of FMH with nonreassuring fetal status (NRFS).
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Table 1 Summary of
symptoms from a review of
120 cases of FMH [2]

Table 2 Cardiotocogram
findings on admission in 20
cases of FMH (modified
from [8])

M. Mitani and Y. Matsuda

N (%)
Neonatal anemia 45 (35.0)
Decreased or absent fetal movement 32 (26.7)
Fetal death 15 (12.5)
Fetal hydrops 9 (7.5)
Nonreassuring fetal status (other than 8 (6.7)
sinusoidal FHR pattern)
Fetal growth restriction 4(3.3)
Sinusoidal FHR pattern 2 (1.7)
Fetal atrial fibrillation 1(0.8)
Maternal transfusion reaction 1(0.8)
Unknown 6(5.0)
Cardiotocogram findings N (%)
Minimal or undetectable of fetal heart | 14 (77.8)
rate baseline variability
Late deceleration 8(44.4)
Absence of acceleration 7 (38.9)
Sinusoidal pattern 6(33.3)
Prolonged deceleration 3(16.7)
Variable deceleration 1(5.6)
Bradycardia 1(5.6)
Atypical deceleration 1(5.6)
Unknown 1(5.6)

Case Presentation (Provided from the Japan Council for Quality Health
Care, 10th Report on Prevention of Recurrence, The Japan Obstetric
Compensation System for Cerebral Palsy, March 2020) [8]
A multiparous woman visited the hospital because of the loss of fetal move-
ment on the previous day. An abnormal CTG was shown (Fig. 1), and a cesar-
ean section was performed on the same day.
Infant information: umbilical artery blood pH, 7.0; BE, —14 mmol/L; and
Hb, 1.1 g/dL. The Apgar score at 1 and 5 min were 1 and 2.
Maternal postpartum blood tests: fetal Hb: 3.2%.

4 Diagnostic Tests

4.1 Hemoglobin F (HbF)

Hemoglobin F (HbF) quantification by the Kleihauer-Betke test and flow cytometry
are commonly used for definitive diagnosis overseas. HbF quantification by flow
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Fig. 1 Non-stress test on admission [8]

cytometry uses antibodies to fetal HbF to automatically and accurately measure the
amount of fetal HbF and can distinguish between maternal and fetal HbF. In both
methods, it is possible to calculate the entry volume of fetal blood by estimating the
percentage of fetal blood and the maternal circulating blood volume.

In Japan, HbF is often measured by high-performance liquid chromatography
(HPLC). The normal value is considered to be less than 1%, and it is elevated in
diseases such as thalassemia, aplastic anemia, and leukemia. Maternal HbF is also
measured by this method, and it has been reported that HbF by the HPLC method in
normal pregnant women is 0.82 + 0.25% in the first trimester, 0.66 + 0.35% in the
second trimester, 0.58 + 0.38% in the third trimester, and 0.62 + 0.31% 1 year after
delivery [9]. In 1995, Tsuda et al. [10] measured maternal HbF values by the HPLC
method in six patients with severe FMH (neonatal Hb: 2.3-7.1 g/dL). The authors
reported that the maternal HbF values were 2.9-4.9%. In the “Report on Prevention
of Recurrence,” HbF was measured in all 20 cases, and HbF value was 1.1-10.0%
(mean 5.4%) [8].

4.2 Alpha-Fetoprotein

Alpha-fetoprotein (AFP) is known to be elevated in FMH and is useful for diagnosis
[11]. AFP was low in the early stages of pregnancy, but rose with gestational weeks
of pregnancy, reached the highest level around 30-32 weeks’ gestation, reached an
average of 184-404 ng/mL, and then decreased again [12, 13]. The reference value
of AFP in the FMH is not clear, and the “Report on Prevention of Recurrence”
reported that AFP ranged from 236 to 9810 ng/mL (mean 4404.9 ng/mL) in 14
cases where it was measured [8].

Both of these methods are useful for diagnosis, but the problems are that it takes
time to obtain the results and it is difficult to estimate the entry volume of fetal
blood to maternal circulation at the bedside.
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4.3 Fetal Middle Cerebral Artery Peak Systolic Velocity
(MCA-PSV)

Fetal middle cerebral artery peak systolic velocity (MCA-PSV) is known to be use-
ful in the diagnosis of fetal anemia and has been used to diagnose fetal anemia in
pregnancies with blood type incompatibility. The sensitivity of MCA-PSV is 100%
in the diagnosis of moderate or severe anemia, and the false-positive rate is reported
to be 12% [14]. In 2017, Bellussi et al. [15] summarized 35 cases of FMH and
MCA-PSV and reported that MCA-PSV was high in 34 of these cases, making it
useful for diagnosis. Although it is difficult to estimate the amount of blood flow
into the mother, it is useful as a rapid diagnostic method that can be performed at the
bedside.

S Management

When FMH is diagnosed, the treatment options are transfusion of blood to the fetus
or delivery and neonatal care.

5.1 Intrauterine Transfusion

The only prenatal treatment for FMH may be improvement of anemia by intrauter-
ine transfusion. In 2010, Wylie et al. [2] summarized 13 cases of intrauterine trans-
fusion after diagnosis of FMH. They reported that one to five intrauterine transfusions
were performed in each case, one case resulted in fetal death, two cases were deliv-
ered on the day of transfusion, two cases were delivered within 1 week after transfu-
sion, and, in the remaining cases, the pregnancy could be prolonged for more than
1 week (range: 2—-17 weeks). In 2019, Troia et al. [16] summarized 22 cases of
intrauterine transfusion for FMH: 8 of 22 patients delivered within 72 h, of which 5
received multiple transfusions; 14 patients were able to prolong pregnancy beyond
72 h, of which 11 received multiple fetal transfusions (mean, 2.8 times; range, 1-8
times); and 2 patients had IUFD (mean, 2.8; range, 1-8). The mean time from the
first transfusion to delivery in the remaining 12 patients was 53.6 days (range:
6—193 days). There were variable cases, from more than 10 weeks with a single
transfusion to delivery within 72 h despite daily transfusions or IUFD, so the man-
agement of FMH is thought to be difficult.

In general, the following formulae provide fairly reliable estimates of the volume
of blood needed for intrauterine transfusion.

Intravascular transfusion = (target Hb — fetal Hb) x fetal placental circulating
blood volume / (donor Hb — target Hb)
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The fetal placental circulating blood volume is 125 mL/kg near the expected
date, and the target Hb is about 17 g/dL [1, 3]. More than 20 mL/kg per transfusion
is associated with fetal death, so several transfusions are necessary [1]. After trans-
fusion, there is a risk of anemia again, and the fetus needs to be monitored, but
transfusion of adult blood changes the viscosity of the blood and the blood flow rate.
After intrauterine transfusion, it has been proposed to use a cut-off value of 1.69
MoM for severe anemia, with a false-positive rate of 6% [2].

5.1.1 Complications of Fetal Blood Transfusion Procedures

Complications of fetal transfusion procedures include NRFS, hemorrhage from the
umbilical cord, hematoma, CAM, rupture of membrane, onset of labor, volume
overload, and polycythemia, and fetal deaths have been reported to be 0.9-4.9% for
all intrauterine transfusions [17]. The long-term prognosis of fetal blood transfusion
cases has been reported to be favorable in maternal Rh(—) cases, but in FMH, the
number of cases is small, and long-term prognosis is unknown [17, 18]. In the afore-
mentioned report by Troia et al. [16] in 2019, two cases became IUFD, one with
intraventricular hemorrhage and the other with hearing impairment. FMH has a
small number of cases, so comparative studies are difficult. In addition, it is neces-
sary to take into account that not all cases have been reported and the existence of
unreported deaths and sequelae after fetal blood transfusion [2].

5.2 Delivery or Fetal Transfusion?

There are no definite criteria for the choice of delivery or intrauterine transfusion.
Delivery is recommended after or near 37 weeks’ gestation [11] and should also be
considered if fetal hypoxia or acidemia is suspected on CTG. Intrauterine transfu-
sion may be an option if the gestational age is early and there is enough time.
Transportation to the tertiary center should also be considered, since the fetal blood
transfusion requires specialized procedures and equipment.

It is also necessary to consult with the neonatologists and decide on the best
course of action, taking into account the gestational age and the facilities of the
hospital.

6 Cerebral Palsy and Related Conditions

In FMH, fetal blood loss leads to hypoxemia associated with circulatory failure
and severe anemia, which can cause various complications such as cardiac failure,
fetal hydrops, hypovolemic shock, IUFD, postnatal pulmonary hypertension, neu-
rological sequelae, and neonatal death [2]. FMH accounts for 1.3—4.1% of all
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IUFD cases [19-21], and the mortality rate in severe cases of FMH has been
reported to be 26-42% [2, 21].

Complications and mortality are influenced by the entry volume, the speed of
entry (chronic or acute), and the onset of gestational weeks [2]. In 2007, Rubod
et al. reported that the mortality rate increased as the blood entry increased, and the
mortality rate was 26% when the blood entry was 20 mL/kg or more, and 2/3 of the
patients had IUFD when the blood entry was 80 mL/kg or more [21]. In animal
experiments, it has been reported that if blood loss from the fetus is slow, it is com-
pensated spontaneously, but if blood loss is rapid, hypoxia and acidemia occur,
leading to death [2]. However, it is difficult to determine whether the FMH is chronic
or acute from the clinical picture.

FMH is also a cause of cerebral palsy. In the 3 series reports combined, 2 of 98
surviving cases with long-term follow-up were reported to have cerebral palsy [2].
In the “Report on Prevention of Recurrence,” 20 cases of cerebral palsy thought to
be caused by FMH were recognized, which was reported to be 2.5% of all cases of
cerebral palsy [8]. Although the exact frequency of cerebral palsy is unknown due
to the small number of reported cases, it is considered to be an important cause of
cerebral palsy. Intraventricular hemorrhage, periventricular leukomalacia, and corti-
cal damage have been reported [16, 22].

7 Prevention of Cerebral Palsy

Regarding the FMH, the following recommendations have been made as fetal/peri-
natal management to prevent recurrence and improve the quality of obstetric care by
the “Report on Prevention of Recurrence” as shown in Table 3 [8].

The cause of FMH is unknown in many cases, and its prevention and early detec-
tion are considered to be very difficult. We had better pay attention to causative
events such as external rotation, maternal trauma, and placental tumors, which are
currently reported as causes of FMH. Measurement of MCA-PSV and close

Table 3 Proposal of fetal management for prevention of recurrence and improvement of the
quality of obstetric care according to the Report on Prevention of Recurrence (modified from [8])

(a) When a pregnant woman complains of decreased or absent fetal movement, the information
is provided to the pregnant women in the outpatient clinic so as to contact the delivery
institution.

(b) When a pregnant woman complains of decreased or absent fetal movement, confirm the
fetal well-being by cardiotocogram and ultrasonography (biophysical profile score (BPS),
amniotic fluid volume measurement, blood flow measurement, etc.).

(c) Become proficient in reading and responding to cardiotocogram by participating in
in-hospital workshops and attending out-of-hospital workshops.

(d) If a sinusoidal pattern or loss of FHR variability is observed, the possibility of fetal anemia
should be taken into consideration, and preparations should be made for maternal transport
or rapid delivery, neonatal resuscitation, and neonatal management.
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observation by CTG are necessary. However, it is unclear when these diseases cause
FMH, and prevention and early detection are still difficult.

At present, the only possible management is not to overlook severe fetal anemia
and treat it as soon as possible. It is necessary to keep in mind that FMH is a cause
of decreased or absent fetal movements and that CTG findings of FMH may show
various images other than the sinusoidal pattern. In Japan, there are few facilities
that can diagnose FMH by maternal blood tests, so ultrasound measurement of
MCA-PSV is useful for prompt diagnosis at the bedside. If fetal anemia is strongly
suspected, delivery or fetal treatment should be considered, taking into account the
condition of the fetus and the gestational weeks. If it is difficult to deal with, the
patient should be transferred to a tertiary center. At present, no conclusion has been
reached as to whether delivery or fetal therapy should be attempted, and the deci-
sion should be made at each facility.
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Summary

* The etiology of cerebral palsy (CP) is often unknown, but one known cause
is brain damage caused by hypoxia before and after birth.

 In particular, hypoxia during labor is often monitored by cardiotocogram
(CTG) and is known to be closely related to abnormal findings on CTG.

* As for placental and umbilical cord abnormalities, they often elicit this
CTG abnormality.
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* In the event of a highly hypoxic situation, such as placental abruption or
umbilical cord prolapse, even if the baby is delivered quickly, there will be
severe acidosis in the neonates.

* In fact, most cases of CP have a strong acidosis of less than 7 pH in the
umbilical artery blood.

In this section, we describe the pathogenesis and problems of various cord factors
associated with the development of cerebral palsy (CP) and discuss strategies to
prevent CP using ultrasonography and cardiotocogram (CTG).

1 Problems with Umbilical Cord Problems

The umbilical cord is the only lifeline that transports the materials necessary to
maintain life in utero. Because of its long and thin nature, the umbilical cord can
cause problems. These include acute fetal heart rate abnormalities, non-reassuring
fetal status (NRFS), and fetal death, as well as chronic fetal growth restriction (FGR).

In addition, there are two main causes of umbilical cord problems. One is that the
normal umbilical cord accidentally suffers from inadequate blood flow, and the
other is that it has a morphological abnormality (umbilical cord abnormality) caused
by a problem in the development of the placenta or umbilical cord. The former
includes umbilical cord prolapse, umbilical cord entanglement, true knot, etc. The
latter includes velamentous cord insertion, hyper-coiled cord, and single umbili-
cal artery.

2 Pathophysiology of Various Umbilical Cord Problems

2.1 Umbilical Cord Prolapse

Umbilical cord prolapse is a condition in which free loop of the umbilical cord pro-
lapses beyond the presenting part of the fetus at the time of rupture of membrane,
resulting in a rapid deterioration of umbilical cord circulation due to the narrow
birth canal and the fetus. Therefore, the disease-free survival rate is only 87.5%
even after 36 weeks of gestation [1]. If it occurs during delivery, the prognosis tends
to be relatively good if it is recognized early by CTG and the baby is delivered rap-
idly. However, if it occurs at home and is recognized late, or if the time between the
occurrence of cord prolapse and the delivery of the baby exceeds 25 min, the
disease-free survival rate decreases [1].
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It is less common in the cephalic position, where the space between the advanced
part of the fetus and the birth canal is narrow, and more common in the transverse
position, pelvic position, and multiple pregnancies, where there is more space
between the advanced part and the birth canal. However, the CTG abnormality in
the cephalic position is often more rapid and severe than that in the non-cephalic
position because of the narrow space between the fetal head and the pelvis and the
compression by the rigid fetal head.

In the case of amniotic fluid overload, the advanced part of the fetus floats in the
amniotic cavity, and the umbilical cord is likely to enter the gap between the pre-
senting part and the uterine wall. In cases of early preterm labor and cervical insuf-
ficiency, the amniotic cavity is relatively wide in relation to the fetus, and cord
prolapse is likely to occur.

The decrease in fetal heart rate during umbilical cord prolapse is not only due to
compression of the umbilical vessels but also due to vasoconstriction caused by a
decrease in the temperature of the prolapsed umbilical cord, which worsens
with time.

2.2 Umbilical Cord Anomaly as a Developmental Abnormality
2.2.1 Abnormality of the Umbilical Cord Attachment on the Placenta

The umbilical cord is usually attached to the center or slightly lateral side of the
placenta, but in the case of velamentous cord insertion, the umbilical cord, which
has normal Wharton’s jelly, is attached to the membrane, and aberrant vessels (vela-
mentous vessels), which lack Wharton’s jelly, are seen connecting the placental
parenchyma. When these velamentous vessels run near the inner uterine opening, it
is called a vasa previa.

Abnormal polarity during implantation of the fertilized egg and trophotropism
during formation of the placenta from the chorionic villus are thought to be involved
in the development of umbilical cord placental insertion [2-5], which are often
complicated by other placental anomalies because the placenta is formed from the
chorionic villus at a distance from the site of the connecting stalk, which is the ori-
gin of the umbilical cord [6].

Velamentous cord insertion is the presence of portions of the omental vasculature
that are not protected by Wharton’s jelly, which can lead to abnormal pregnancy and
delivery. The velamentous vessels are fragile and easily compressed by uterine con-
tractions and fetal movements. In a study of delivered placentas, the frequency of
NREFS is higher when the omental vessels are longer or when the placenta has
greater structural abnormalities [7]. The rupture of the velamentous vessels when
the rupture of membrane may result in sudden fetal death. The risk is especially
high in vasa previa because the velamentous vessels are located near the inner uter-
ine opening [8]. It is thought that anterior vessels and velamentous cord insertion
located on the lower uterine segment are deeply related to NRFS and FGR not only
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because they are susceptible to the compression of the velamentous vessels by the
advanced part of the fetus but also because of the structural abnormalities of the
placenta.

2.2.2 Abnormalities of the Umbilical Cord Coiling (Hyper-coiled Cord
and Hypo-coiled Cord)

The moderate coiling structure of the umbilical cord is thought to protect the umbil-
ical vessels from external forces such as torsion, traction, and compression [9]. In
the case of hyper-coiled cord and hypo-coiled cord, the umbilical cord is vulnerable
to traction, compression, and torsion, and blood flow disturbance is likely to occur
[10-12]. In hyper-coiled cord, congestion of blood flow is likely to occur. If conges-
tion occurs in the umbilical cord blood flow, the fetus might fall into NRFS. It is also
often seen in growth-restricted fetuses due to chronic congestion of the umbilical
vessels. It is also thought that hypo-coiled cord can easily lead to a drop in umbilical
venous pressure and blood flow insufficiency [9, 13]. It has been pointed out that
such chronic congestion in the umbilical vein may cause microthrombi in the fetal
thrombotic vasculopathy (FTV), which may affect the cerebral blood vessels and
worsen the neurological prognosis [14].

Cases of FGR associated with hyper-coiled cord often result in fetal death. On
the other hand, hyper-coiled cord and hypo-coiled cord often cause acute insuffi-
ciency of umbilical cord blood flow in a normally growing infant, leading to fetal
death. In particular, in cases of fetal death due to hyper-coiled cord, constriction of
the umbilical cord is often observed. Constriction of the umbilical ring due to hyper-
coiled cord is a common finding in fetal death. Although most cases of hyper-coiled
cord and hypo-coiled cord pass without any problems, they are often associated
with abnormal fetal heart rate pattern at delivery.

3 Current Status of Cerebral Palsy Occurrence
due to Umbilical Cord Problems

A study was conducted to clarify the causal relationship between maternal back-
ground, obstetric complications, abnormal deliveries, obstetric procedures, and
other perinatal factors associated with the development of CP in cases approved for
the Japan Obstetric Compensation System for Cerebral Palsy. A case-cohort study
was conducted using 175 cases of CP and 17,475 cases of CP from the Japanese
Society of Obstetrics and Gynecology (JSOG) Perinatal Database as controls. For
comparison, we matched singleton births from 2009 to 2011, cases with 33 weeks
or more of gestation and 2000 g or more of birth weight, hospital cases, and cases
excluding congenital and neonatal factors [15].

The perinatal events considered to be the main cause of the development of CP
in the cerebral palsy cases were placental abnormalities (31%), umbilical cord
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abnormalities (15%), maternal complications (10%), and neonatal complications
(1%). Multivariate analysis showed that CP was associated with rapid delivery due
toNRFS [riskratio (RR)37.182[95% confidence interval (95% CI): 20.028—-69.032]],
uterine rupture [RR 24.770 (95% CI: 6.006-102.160)], and placental abruption [RR
20.891 (95%. The risk of rupture of the uterus [RR 24.770 (95% CI: 6.006—102.160)]
and preterm labor [RR 3.153 (95% CI: 2.024-4.911)] was significantly higher. On
the other hand, head presentation [RR 0.199 (95% CI: 0.088-0.450)] and scheduled
cesarean section [RR 0.236 (95% CI: 0.067-0.828)] were reduced risk of CP [15].

Among the known causes of cerebral palsy, the risk of cerebral palsy is high in
cases where rapid delivery is required, as in our results. As mentioned above, umbil-
ical cord prolapse leading to rapid cord blood flow failure and the presence of cord
abnormalities predispose to NRFS. The key is the use of appropriate CTG, their
interpretation, and rapid and safe delivery when necessary.

During normal labor, placental perfusion is decreased due to strong uterine con-
tractions. Therefore, the fetus is subjected to considerable stress just before delivery
as it passes through the narrow pelvic cavity, and abnormal waveforms appear on
CTG even in the normal course. This is especially true when there is an abnormal
umbilical cord, but even in the absence of an abnormal umbilical cord abnormali-
ties, abnormal waveforms often appear on CTG near the time of delivery due to
compression of the umbilical cord and/or fetus. When the caregiver decides imme-
diate delivery including vacuum extraction and/or uterine fundal pressure maneuver
due to such CTG abnormalities in the delivery room, if the fetus cannot be delivered
quickly after one or two such procedures, forceps delivery or cesarean section
should be attempted. However, even in some cases when vacuum delivery and/or
uterine fundal pressure maneuver fail, these procedure was continued to be per-
formed strongly. In fact, there are not a few such cases in cerebral palsy cases
applied to the Japan Obstetric Compensation System for Cerebral Palsy.

Uterine fundal pressure maneuver and continuous vacuum extraction of the fetal
head worsen the uterus-placenta-fetal circulation. The intermittent phase of labor is
a time to restore the uteroplacental circulation, but these inappropriate procedures
that eliminate the intermittent phase may induce fetal hypoxia and acidosis. It is
necessary to prepare in advance for NRFES, which requires rapid delivery, and to
respond appropriately when it occurs.

4 The Prevention of CP due to Umbilical
Cord Abnormalities

4.1 Limitations of CTG Management

Fetus is considered as normal condition when the fetal heart rate indicates nomocar-
dia, with baseline variability and acceleration, without deceleration. On the other
hand, persistent bradycardia, loss of variability, and recurrent (late or prolonged)
deceleration are findings that strongly suggest acidosis. Although CTG is excellent
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in demonstrating fetal reassuring, it is difficult to predict the presence of acidosis
based on abnormal findings. The actual diagnosis of NRFS and the decision for
rapid delivery are left to the judgment of each physician.

In the twentieth century, the fetal Doppler was developed, and it became possible
to measure the fetal heart rate in real time and to predict fetal hypoxia from the
CTG, which was expected to improve the perinatal prognosis. However, there is an
epidemiological report that not only the frequency of cerebral palsy remained
unchanged but also the frequency of cesarean section increased due to false-positive
CTG [16].

Eighty-eight percent of infants determined to have developed cerebral palsy
due to hypoxia associated with an abnormal morphology of the umbilical cord
have abnormal findings on CTG at delivery [17]. It is known that abnormal
CTG waveforms in the presence of an abnormal umbilical cord are more likely
to appear early in delivery [18, 19]. Although the onset of cerebral palsy is also
associated with events that result in hypoxia during delivery, it is not uncom-
mon for events to occur before delivery. There are limitations in reducing cere-
bral palsy related to umbilical cord anomalies by CTG only at the time of
delivery.

4.2 Perinatal Management for Pregnant Women Using
Ultrasound and CTG

Ultrasonography and CTG are the only established modalities that allow obste-
tricians to evaluate the condition of the fetus and its appendages in the manage-
ment of pregnancy and delivery. We advocate screening for umbilical cord
anomalies using ultrasonography and management of pregnancy and delivery
according to the diagnosis of the umbilical cord abnormality so that we can
respond promptly to NRFS due to acute umbilical cord problems at least at the
time of delivery [20, 21].

It has been reported that the survival rate of infants with vasa previa diagnosed
before delivery was 97%, whereas that of infants without preeclampsia was 44%
[22]. Especially in the case of vasa previa, ultrasound diagnosis of them during
pregnancy and scheduled cesarean section before the rupture of membrane can save
fetuses with vasa previa. The same can be considered for other umbilical cord
abnormalities.

If the fetus has an abnormal umbilical cord, it should be considered a high-risk
delivery and treated with induction of labor, preparing cesarean section, and con-
tinuous CTG (Figs. 1 and 2, Table 1). As described in the “Guidelines for Obstetrics
and Gynecology-Obstetrics Edition 2020 [23], early response to abnormal wave-
forms can be performed according to the situation of the institution in cases of
ultrasound diagnosis of placental and umbilical cord abnormalities (Fig. 2, Table 1).
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Lower third of +High risk treatment of placental and umbilical cord anomalies
" « Strict follow-up, including vasa previa
Umbilical cord
placental insertion (" Mid-higher third of
the uterine cavity

Number of umbilical +Single umbilical artery (agenesis type)
arteries *Follow-up with attention to fetal growth restriction
N | Ultrasound in the second trimester as low risk for umbilical cord and
orma placental abnormalities

Fig. 1 Screening for umbilical cord abnormalities in early pregnancy [21]

M * Highest risk handling
 Follow-up of preterm labor signs
Umbilical cord lower third of the
placental insertion cord insertion uterine cavit
Normal insertion mid-higher third of « Treatment of high risk at delivery
the uterine cavity

Number of
umbilical arteries

* Treatment of high risk at delivery
* Developmental follow-up

Normal in the
first trimester
ultrasound screening

Umbilical cord coiling Normal Hyper-coiled
cord and

Hypo-coiled cord

—

Single umbilical artery (occluded type)]'

Treatment as low risk at delivery

Fig. 2 Screening for umbilical cord abnormalities in mid-pregnancy [21]

Table 1 Ultrasound screening of the umbilical cord abnormalities before delivery [21]

Descending umbilical cord Treat as highest risk

Nuchal cord More than three times is treated as high risk
at delivery

Reconfirmation of the hyper-coiled cord Treatment of high risk at delivery

Reconfirmation of the single umbilical artery Treatment of high risk at delivery

(occluded type)

4.3 Avoidance of Umbilical Cord Prolapse During Delivery

As mentioned above, the occurrence of umbilical cord prolapse increases the likeli-
hood of the development of cerebral palsy. We advocate preventing umbilical cord
prolapse as much as possible and detecting it when the descending umbilical cord.
We believe that this risk can be greatly reduced by detecting and responding to the
prolapsed umbilical cord before the rupture of membrane. We recommend the
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practice of checking the position of the umbilical cord with transvaginal
ultrasonography.

When medical treatment involves lifting the advanced part of the fetus upward,
iatrogenic descending umbilical cord or prolapse may occur. Care should be taken
during internal examinations, artificial rupture of the membranes, and the use of
metroirintel to dilate the uterine cervix. Large-volume metroirintels are associated
with much higher risk of cord prolapse, but even small-volume are not without risk
[24]. Performing ultrasonography before and after these medical procedures may
reduce cerebral palsy caused by cord prolapse during delivery. In addition, cervical
ripening agents (dinoprostone vaginal tablet) are expected to reduce cord prolapse
in the future, as they replace instrumental cervical ripening methods such as metro-
irintel [25].

4.4 Appropriate Response to Umbilical Cord Prolapse

If umbilical cord prolapse occurs, an emergency cesarean section should be per-
formed because of the sudden compression of the umbilical cord between the
advanced part of the fetus and the birth canal, resulting in NRFS. An emergency
cesarean section (Grade A cesarean section) is indicated in facilities where this is
possible. The longer the time between diagnosis and delivery of the infant (more
than 20 min), the worse the prognosis becomes, so the baby should be delivered as
soon as possible [1].

When an umbilical cord prolapse occurs, manual return of the umbilical cord
back into the uterus is often performed, but this is counterproductive. Touching the
umbilical cord not only causes umbilical cord compression but also induces vaso-
constriction of the umbilical vessels [26]. The decrease in fetal heart rate at the time
of umbilical cord prolapse is due to vasospasm caused by the decrease in tempera-
ture of the evacuated umbilical cord, in addition to the compression of the umbili-
cal cord.

During the preparation and transfer of the cesarean section, the infant should be
elevated by pushing up the advanced part of the fetus with the internal examination
finger to make a gap without touching the umbilical cord, and the infant should be
placed in the chest-knee position.
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Summary

* In both fetuses and neonates, hypoxia progressively exacerbates respira-
tory and metabolic acidemia and tissue acidosis. This tissue acidosis is
associated with multiple organ failure and, although rare, leads to hypoxic-
ischemic encephalopathy with subsequent neurologic damage.

 In the past, it was thought that most cerebral palsy was caused by hypoxia
during delivery, but now it is thought that only about 1/5 of cerebral palsy
is caused by hypoxia during delivery. However, it is still one of the most
important causes of cerebral palsy, and it is necessary to reduce the number
of cases of cerebral palsy by appropriate delivery management and neona-
tal resuscitation.

1 An Overview of Parturient Hypoxia

Due to advances in perinatal care, our country has one of the lowest perinatal mor-
tality rates in the world. Cerebral palsy is defined as “permanent but changeable
motor and postural abnormalities based on non-progressive lesions of the brain
occurring between conception and the neonatal period (within 4 weeks of birth),
excluding progressive disease, transient movement disorders, and motor develop-
mental delay that is expected to normalize in the future.” Table 1 shows the names
of diagnoses in the neonatal period in the “10th Report on Prevention of Recurrence,
The Japan Obstetric Compensation System for Cerebral Palsy” [1]. 41.4% of the
2457 cases examined were diagnosed as hypoxic-ischemic encephalopathy. This
system covers cerebral palsy equivalent to Level 1 or 2 of the Physical Disability
Certificate, which is not caused by congenital or neonatal factors, for children who
meet certain weight and gestational weeks, and the scope of application has been
further expanded for children born after January 2015. Although not all cerebral
palsy cases were examined, hypoxia is one of the causes of cerebral palsy in
children.

The incidence of cerebral palsy was reported to be 1.7 per 1000 live births
according to the “Report of Epidemiological Survey on the Actual Condition of
Children with Cerebral Palsy” in October 2018 [2]. According to this report,
hypoxic-ischemic encephalopathy accounted for 18.2% of the cases, as shown in
Table 1. Although neonatal pseudoparalysis was observed in 50.2% of cases, not all
neonatal pseudoparalysis is considered to be caused by hypoxia, because it is caused
by various factors. In the past, it was believed that cerebral palsy was caused during
delivery, which led to medical trials and contributed to the exhaustion of perinatal
care, but hypoxia during delivery is thought to be the cause of only about 1/5 of all
cases. These reports are consistent with Nelson et al.’s report that the prevalence of
cerebral palsy in the United States was 2 per 1000 and that perinatal paralysis
occurred in only 1/5 of children with cerebral palsy [3].
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Table 1 Diseases and other conditions considered to be risk factors for cerebral palsy (231

cases) [2]
Number of events (e.g.,
accidents, crimes, meetings,
Diseases considered to be risk | housing starts, hits on a web
factors, etc. page) Percentage (%)
Prepartum Cerebral malformation 31 13.4
Chromosomal abnormality 15 6.5
Genetic abnormality 10 4.3
Inborn errors of metabolism 1 0.4
Other congenital anomalies 24 10.4
Intrauterine infection 16 6.9
(In the) Neonatal paralysis 116 50.2
birthing Fetal aspiration syndrome 7 3.0
process Intracranial hemorrhage 41 17.7
Hypoxic-ischemic 42 18.2
encephalopathy (brain damage
from lack of oxygen)
Periventricular leukomalacia 66 28.6
(leucomalacia)
Cerebral infarction 10 4.3
Respiratory distress syndrome 61 26.4
Neonatal transient 20 8.7
hyperventilation
Postpartum Meningitis 4 1.7
Encephalitis 3 1.3
ALTE 10 4.3
Abuse 1 0.4
Other trauma 1 0.4
Other diseases, etc. 24 10.4

ALTE apparent life-threatening event

Table 2 Conditions causing
fetal hypoxia during delivery

Umbilical cord prolapse (umbilical cord ptosis)
Hypertonic contraction

Uterine rupture

Placental abruption

Supine hypotension syndrome
Maternal convulsions, cardiac arrest

» Hypotension due to epidural or spinal subarachnoid
anesthesia

Amniotic fluid embolism
Placental insufficiency

Hypoxia, which can lead to hypoxic-ischemic encephalopathy, can occur during
pregnancy, labor, or the postpartum period (neonatal period). Table 2 lists the condi-
tions that may cause hypoxia during delivery. Many of these conditions occur
acutely or suddenly, and it is often difficult to deal with them.
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2 Pathophysiology Associated with Cerebral Palsy

The exchange of substances in utero takes place between the mother and the body
via the placenta. Oxygen is also supplied transplacentally and diffuses into the fetal
blood. Gas exchange is carried out by maternal blood flowing into the uterine arter-
ies, spiral arteries, and intervillous spaces on the maternal side and by umbilical
cord blood flow from the fetal side into the umbilical arteries and intravillous
capillaries.

In the fetal period, the majority of hemoglobin is composed of hemoglobin F,
which has a higher affinity for oxygen than in the adult, and thus higher oxygen
saturation can be obtained even at lower partial pressures of oxygen than in mater-
nal blood. The fetal hemoglobin has a higher oxygen saturation and hemoglobin
concentration than the maternal hemoglobin, so that the fetal arterial oxygen con-
tent and oxygen supply to peripheral tissues are maintained. The fetus removes
carbon dioxide by placental circulation, but when the ability to remove carbon diox-
ide is reduced, H,CO; accumulates, causing respiratory acidemia with no increase
in organic acids. Organic acids, such as lactic acid, increase due to impaired gas
exchange and anaerobic glycolysis in the placenta. The accumulation of these
organic acids is called metabolic acidemia. In metabolic acidemia, HCO;™ is
decreased because bicarbonate is used to buffer organic acids; the increase in car-
bonic acid accompanied by the increase in organic acids due to the decrease in
HCO;™ is a factor in mixed acidemia. Hypoxia during parturition leads to a gradual
exacerbation of respiratory to metabolic acidemia and then tissue acidosis. This tis-
sue acidosis leads to hypoxic-ischemic encephalopathy, which is associated with
multiple organ failure and subsequent neurologic damage.

3 Conditions That Can Cause Fetal Hypoxia
During Delivery

The conditions that cause parturient hypoxia listed in Table 2 are outlined below.

3.1 Umbilical Cord Compression

Compression of the umbilical cord causes hypoxia in the fetus. Variable decelera-
tion of cardiotocogram (CTG) may be observed due to vagal reflex caused by the
interruption of blood flow. When cord compression (pressure change) occurs fre-
quently, prolonged transient bradycardia appears because recovery of heart rate is
delayed because it takes time to restore blood flow even after the compression is
released.
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3.2 Prolapse of the Umbilical Cord and Forelying
of the Umbilical Cord

Prolapse of the umbilical cord is defined as the prolapse of the umbilical cord after
rupture of the membranes prior to the advanced part of the fetus, passing through
the uterine opening and suspending in the vaginal or interpubic space. It is more
likely to occur in the breech presentation, especially in the footling presentation,
when there is a wide gap between the advanced part of the fetus and the lower part
of the uterus. It is also more likely to occur in cases of spontaneous or artificial
rupture of the membranes before the baby’s head has entered the pelvis, when the
metreurynter (obstetrical balloon) used for cervical dilation has prolapsed. After
spontaneous water or artificial rupture of the membranes, it is necessary to perform
an internal examination to check for prolapse of the umbilical cord. When cord
prolapse occurs, the mother may be asymptomatic, but the CTG show a sudden
deceleration or bradycardia unrelated to labor pain. When such an abnormal fetal
heart rate pattern is observed, it is important to first check for the presence of an
umbilical cord in the cervical canal or vagina by speculum examination and then to
check for the palpable pulsation of the umbilical cord by internal examination. In
addition, if necessary, ultrasonography should be used to confirm the presence or
absence of umbilical cord prolapse. (For details, see the chapter on “Umbilical Cord
Factors.”)

3.3 Hpypertonic Contractions

Hypertonic contraction is a condition of excessive contractions of the uterine mus-
cles. It can also occur in spontaneous labor, but is most often seen with the admin-
istration of uterotonics. It is relatively easy to diagnose by checking the CTG and
the complaint of the pregnant woman. Maternal blood flow to the placenta through
the spiral artery is obstructed by uterine contractions, resulting in fetal hypoplasia.
If a uterine contractile drug is being administered, it should be discontinued or
halved, and if necessary, an inhibitor of uterine contractions should be considered.

3.4 Uterine Rupture

Rupture of the uterus is a relatively uncommon but critical condition for both mother
and fetus. It rarely occurs during pregnancy and most often during delivery. It is
classified as either non-scarring or scarring rupture. The most common risk factor is
rupture of a scarred uterus with a previous cesarean section. Risk factors for non-
scarring uterine rupture are multiple and often difficult to predict, including high
fertility, macrosomia, dystocia, and trauma (e.g., rapid labor, hypertonic
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contraction, uterine fundal pressure). In order to predict uterine rupture, it is impor-
tant to comprehensively evaluate the symptoms, clinical findings, and findings of
the CTG. Although it is difficult to predict uterine rupture in patients with sudden
onset of uterine rupture, uterine rupture should be suspected and responded to when
several types of deceleration, such as late or variable deceleration, precede the
appearance of prolonged deceleration. When fetal bradycardia or maternal shock
symptoms appear with sudden and persistent abdominal pain, or when fetal heart
rate suddenly fails and labor pain disappears, rupture of the uterus should be sus-
pected and treated. Prepare for cesarean section while performing systemic man-
agement of the mother, such as transfusion of fluids and blood.

3.5 Placental Abruption

Placental abruption is defined as the separation of the placenta from its normal posi-
tion, i.e., attached to the uterine body, from the uterine wall before the delivery of
the fetus during pregnancy or during the course of labor. Risk factors include a
previous history of placental abruption, gestational hypertension, and trauma.
Symptoms include genital bleeding, uterine contractions, lower abdominal pain,
hardening of the abdominal wall called plate-like hardness, and bloody amniotic
fluid. However, symptoms such as genital hemorrhage, uterine contractions, and
lower abdominal pain are nonspecific and are also seen in imminent preterm labor,
making diagnosis based on symptoms difficult. The most useful diagnostic tool is
the CTG. Because of acute placental insufficiency, a decrease in baseline variability,
deceleration, and prolonged bradycardia may occur. If we suspect placental abrup-
tion based on the CTG and clinical symptoms, we consider emergency cesarean
section or rapid delivery by suction or forceps depending on the progress of delivery.

See the chapter on “Premature Separation of the Normal Placenta” for more
information.

3.6 Maternal Respiratory and Circulatory Abnormalities
(Supine Hypotension Syndrome, Cardiac Arrest)

One of the most common abnormalities of maternal respiratory circulation is supine
hypotension. In this syndrome, the inferior vena cava is compressed by the enlarged
pregnant uterus and spine, causing a decrease in venous return. In addition, it is said
that this causes a decrease in cardiac output, resulting in a decrease in blood pres-
sure. This supine hypotension syndrome causes a decrease in uterine placental
blood flow, which may result in abnormal fetal heart rate and appear on the CTG. The
initial symptoms include nausea, vomiting, coldness, pallor, cyanosis, and hyper-
pnea, and the possibility of supine hypotension syndrome should be considered in
conjunction with CTG.
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First, the mother should be repositioned. The side lying position is recommended
instead of the supine position. In addition, the left lateral recumbency is most rec-
ommended from the viewpoint of preventing a decrease in fetal blood oxygen satu-
ration. If positional change is difficult, it is also effective to manually shift the uterus
to the left.

In addition, amniotic fluid embolization, which is known as a rapid anaphylactic-
like reaction, or other conditions that lead to maternal cardiac arrest may cause
acute placental insufficiency due to maternal circulatory failure, which may mani-
fest as fetal heart rate abnormalities. There are various conditions that can cause
maternal cardiac arrest, including cardiac and macrovascular diseases, cerebral
hemorrhage, and uterine rupture. Although it is necessary to search for the cause of
cardiac arrest, it is important to save the mother’s life first. The cause of the cardiac
arrest should be investigated by calling for help, preparing resuscitation equipment,
moving the uterus to the left, performing chest compressions, and securing
the airway.

3.7 Maternal Convulsions (Eclampsia, Epileptic Seizures)

A convulsive seizure is a seizure in which a muscle contracts involuntarily and inde-
pendent of the patient’s will. Convulsive seizures are caused by a variety of factors
including epilepsy, stroke, brain tumor, meningitis, cardiogenic shock, electrolyte
abnormalities, and hysteria. Most maternal convulsions are caused by eclampsia.
When a pregnant woman has a seizure, maternal first aid (checking vitals, securing
the airway, administering oxygen, and securing the intravenous route) should be
given first priority, followed by appropriate anticonvulsant therapy. Once the sei-
zures have resolved, differentiate between eclampsia and other diseases including
stroke. It is difficult to differentiate between eclampsia and stroke based on clinical
symptoms alone, and a brain CT or MRI is necessary for accurate diagnosis.

In addition, it is important to check the CTG because fetal dysfunction (NRFS)
is likely to occur after a seizure. Transient bradycardia often resolves within a short
time after the seizure disappears. Once the convulsions have disappeared and the
mother’s condition is stable, early delivery of the baby should be considered.

3.8 Epidural and Spinal Anesthesia

Spinal subarachnoid anesthesia dilates arteries and veins by sympathetic nerve
block. Dilation of arteries decreases vascular resistance, and dilation of veins
decreases cardiac preload, resulting in post-spinal hypotension [4]. This causes a
sudden decrease in blood pressure in the mother, resulting in symptoms such as
nausea and vomiting, as well as a decrease in placental blood flow, which may lead
to hypoxemia and acidosis. This sequence of events may appear as prolonged
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bradycardia on the CTG. In addition, transient bradycardia is also said to appear
when the analgesic effect of spinal subarachnoid anesthesia causes a rapid decrease
in blood epinephrine, resulting in a decrease in $-activity, and the effect of norepi-
nephrine causes contraction of uterine blood vessels and uterine tone [5]. Since
transient bradycardia often subsides within 5 to 10 min, careful observation of the
CTG is necessary. Epidural anesthesia used in painless labor and delivery is effec-
tive in decreasing uterine arterial vascular resistance and increasing placental blood
flow, but like spinal subarachnoid anesthesia, it may cause a rapid decrease in
maternal blood pressure by causing sympathetic nerve block. As a result, prolonged
bradycardia may be observed on the fetal heart rate labor diagram. Both spinal sub-
arachnoid anesthesia and epidural anesthesia cause abnormal fetal heart rate by
decreasing maternal blood pressure. Since hypotension due to anesthesia can be
expected, it is important to prevent it by increasing the circulating plasma volume
by loading extracellular fluid in advance.

4 Toward Prevention

It must be said that measures to prevent the occurrence of hypoxia during delivery
itself are limited. It is critical not to administer inappropriate uterotonics and to
perform appropriate fetal monitoring and maternal management, but it is important
to provide appropriate medical care with reference to the recommendations in the
“Guidelines for Obstetrics and Gynecology 2020 jointly prepared by the Japanese
Society of Obstetrics and Gynecology and the Japanese Society of Obstetricians
and Gynecologists. In addition, it is important to be prepared to respond to a sudden
change in the mother’s condition or abnormal waveforms in the CTG and to learn
neonatal cardiopulmonary resuscitation (NCPR). Furthermore, the recommenda-
tions of the Committee for the Prevention of Recurrence of the Japan Obstetric
Compensation System for Cerebral Palsy should be shared among the staff.

Prevention will be divided into prepartum care, response to hypoxia during deliv-
ery, and response to the newborn.

4.1 Prepartum Care

Before delivery, it is important to obtain accurate information on the pregnant wom-
an’s medical history, pregnancy history, and family history and to identify risk fac-
tors. It is also necessary to know the obstetric complications in the course of
pregnancy, fetal growth, and amniotic fluid volume by ultrasonography. The World
Health Organization (WHO) recommends the administration of magnesium sulfate
hydrate in preterm births of less than 32 weeks of gestation, because there is a report
on the brain protection of infants by magnesium sulfate hydrate [6]. In the Obstetrics
and Gynecology Clinical Practice Guidelines 2017, magnesium sulfate hydrate
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administration for brain protection was described only as an explanation, but in the
Obstetrics and Gynecology Clinical Practice Guidelines 2020, it is stated that “mag-
nesium sulfate hydrate is administered for the purpose of fetal brain protection” and
that magnesium sulfate administration is “Level C.”

4.2 Response to Delivery (Intrapartum Resuscitation)

If severe fetal heart rate abnormalities persist, severe sequelae such as cerebral palsy
may occur in the newborn, resulting in fetal or neonatal death. The mother’s general
condition should be checked, and the cause of the prolonged bradycardia should be
investigated, and effective fetal resuscitation should be performed. Figure 1 sum-
marizes the measures to be taken when an abnormal fetal heart rate pattern appears.

4.2.1 Maternal Positioning

It may be effective for supine hypotension syndrome and abnormal heart rate asso-
ciated with umbilical cord compression. In supine hypotension syndrome, the
enlarged uterus causes compression of the inferior vena cava and inferior aorta,
which results in decreased cardiac output and inadequate uteroplacental circulation,
leading to abnormal heart rate. Therefore, the lateral supine position is preferable,

Pattern of abnormal fetal heart rate

« Discontinuation or reduction of uterotonics
« Check the mother's general condition.
* Confirmation of prior CTG findings

Umbilical cord Fetal head compression, Fetal hypoxia
compression fetal head stimulation
* Umbilical cord prolapse and «Internal examination *Umbilical cord prolapse and
forelying of the umbilical cord *Hypertonic contraction forelying of the umbilical cord
* Hypertonic contraction +Rapidly descending fetal head. *Hypertonic contraction
* Rapidly descending fetal head. +Uterine repture

+Placental abruption

*Maternal respiratory and circulatory
abnormalities

-Maternal convulsions

*Hypotension due to epidural or spinal
subarachnoid anesthesia

Necessary fetal resuscitation (maternal repositioning, maternal oxygenation, emergency uterine relaxation, rapid fluid infusion,
and vaginal elevation of the advanced fetal portion)

If the pattern of abnormal fetal heart rate does not clear, or if it does and reassuring fetal status cannot be confirmed,
rapid attempted delivery (suction delivery, forceps delivery, emergency cesarean section) should be considered.

Fig. 1 Response to the appearance of abnormal fetal heart rate patterns
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and the left lateral supine position has been reported to be the best from the view-
point of fetal blood oxygen saturation [7-9]. Also, in the case of umbilical cord
compression, maternal repositioning may relieve the compression. If the left lateral
lying position is not effective, the right lateral lying position may be effective.

4.2.2 Oxygen Administration to the Mother

Fetal resuscitation is often performed because of its simplicity, but it cannot be
expected to be effective unless the administration method is appropriate. Inhalation
oxygen concentration is important. When administered in a circuit with an inspira-
tory oxygen concentration of less than 50%, the efficacy is not consistent, and when
administered in a circuit with an inspiratory oxygen concentration of approximately
80-100%, an increase in fetal blood oxygen saturation has been confirmed [10]. A
non-rebreather mask (reservoir mask with one-way valve) can be used to ensure
80-100% oxygenation at an oxygen flow rate of 10 L/min or higher [7]. An oxygen
inhalation concentration of about 50% can also be maintained by flowing 10-15 L/
min of oxygen through a simple mask. However, there is no clear evidence that
maternal oxygenation was effective in avoiding cesarean section or prevented a
decrease in umbilical artery blood pH in the neonate [11].

4.2.3 Emergency Uterine Relaxation

It is effective in cases of abnormal fetal heart rate due to uterine contractions such
as hypertonic contraction. Currently, the most commonly used drugs are nitroglyc-
erin and ritodrine hydrochloride. Nitroglycerin is administered intravenously at a
dose of 60-90 pg (maximum 100 pg) slowly. Ritodrine hydrochloride is familiar
and easy to use, but it is not indicated for use in full-term labor. 1/10 to 1/5 ampule
of utemerin injection® (Kissei Pharmaceutical Co., Ltd.) (50 mg/5 mL per ampule)
administered intravenously over several minutes is another option.

4.2.4 Rapid Infusion

Rapid infusion of lactated Ringer’s solution has been reported to increase fetal
blood oxygen saturation [9]. 500 to 1000 mL/20 min is recommended, but pulmo-
nary edema may occur in some cases.

4.2.5 Transvaginal Elevation of the Advanced Fetal Portion

This is a method of vaginally elevating the advanced part of the fetus with an inter-
nal finger to relieve pressure in the case of prolonged bradycardia due to prolapse of
the umbilical cord after spontaneous or artificial water rupture or sudden descent of
the baby’s head [12]. Although it is simple, there is little evidence that it is effective.
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4.2.6 Handling the Neonatal Period

It is necessary to perform accurate neonatal resuscitation for neonatal death, and all
medical staff should be familiar with neonatal resuscitation techniques. For this
purpose, all medical staffs should be familiar with neonatal resuscitation, and they
should always be prepared for neonatal resuscitation. In the case of hypoxemia
requiring advanced neonatal resuscitation including tracheal intubation, cerebral
hypothermia can be expected to prevent brain damage including cerebral palsy if
certain conditions are met, such as an Apgar score of 5 points or less at 10 min. For
details, please refer to the chapter of “Neonatal Hypothermia.” If hypothermia
(33.5-34.5 °C) is started within 6 h after birth for moderate to severe hypoxic-
ischemic encephalopathy after 36 weeks of gestation, the neurological prognosis
can be improved.

4.3 CTG Patterns Directly Related to Cerebral Palsy

The CTG corresponding to Level 5 [abnormal waveform (high level)] of the level
classification is considered to be the CTG pattern directly related to cerebral palsy
[13]. In other words, the waveform is considered to be as shown below.

. Repeated late deceleration with loss of baseline variability

. Repeated variable deceleration with loss of baseline variability

. Prolonged deceleration with loss of baseline variability

. Severe bradycardia (<80 bpm) with decreased baseline variability or loss of
baseline variability

5. Sinusoidal pattern

AW N =

Cerebral palsy caused by hypoxia during labor is still a critical issue for perinatal
care providers. Although it is impossible to prevent all cases of hypoxia due to vari-
ous factors, it is important to correctly understand the occurrence of hypoxia by
reading the CTG; to share emergency responses with all staff involved in perinatal
care, including simulation education; and to appropriately use neonatal resuscita-
tion. By doing so, we hope to reduce the incidence of cerebral palsy caused by
hypoxia during delivery.
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Summary

* Contractile drugs are used to stimulate uterine contractions to achieve
delivery before spontaneous contractions occur or when spontaneous labor
is diminished.

* Labor induction tends to take longer than natural childbirth.

* Contractile drugs may be associated with the development of cerebral
palsy when used inappropriately.

1 Types of Uterine Contractions and How to Use Them

From 1990 to 2018, the overall frequency of labor induction nearly tripled in the
United States, rising from 9.5% in 1990 to 27.1% in 2018 [1].

Delivery before the onset of spontaneous labor should be underwent when the
risk of continued pregnancy is considered to be equivalent to the perinatal risk on
delivery [2]. The relative risks of continued pregnancy and delivery are influenced
primarily by gestational age, and the severity of the maternal/fetal condition and are
rarely precisely determined.

The interventions for delivery before the onset of spontaneous labor are induc-
tion of labor or cesarean delivery. Considering the increased maternal risks associ-
ated with cesarean delivery, including maternal mortality, deep vein thrombosis,
hysterectomy, postpartum fever, and wound infection, as well as the increased fre-
quency of uterine rupture, placenta previa, and placenta accreta in the next preg-
nancy, and the added risk of complications from anesthesia, induction of labor is
generally preferred in the absence of contraindications to labor or vaginal delivery.
Induction of labor is generally preferred when there is no contraindication to labor
or vaginal delivery.

2 Involvement of Bishop Score

Bishop score is the most used cervical assessment system in clinical practice in the
United States [3]. There is no universally accepted threshold that is considered
appropriate for induction and promotion of labor. However, a higher Bishop score
increases the likelihood of vaginal delivery [3, 5-7], whereas a lower Bishop score
increases the possibility of cesarean delivery [4]. Therefore, when the cervix is
favorable, oxytocin is administered without cervical ripening procedure. When cer-
vical ripening is unfavorable, a drug or mechanical cervical ripening devices are
recommended before administration of uterotonic agents.
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3 Indications for Induction of Labor/Augmentation of Labor

Examples of common conditions for which induction is often medically/clinically
indicated include, but are not limited to, those listed in Table 1 [2]. Other social
indications include the wishes of the expectant mother.

The multicenter ARRIVE trial [8] evaluated the perinatal and maternal effects of
planned induction of labor at 39 weeks 0 days to 39 weeks 4 days’ gestation com-
pared with expectant management in more than 6100 women in a low-risk labor
waiting group in the United States. The results of this large study are as follows:

e The risk of cesarean delivery was reduced [18.6% vs. 22.2%, relative risk (RR)
0.84 [95% confidence interval (CI): 0.76-0.93]].

* Reduced the risk of gestational hypertension [9.1% vs. 14.1%, RR 0.64 (95% CI:
0.56-0.74)].

e The risk of neonatal respiratory support was reduced [3.0% vs. 4.2%, RR 0.71
(95% CI: 0.55-0.93)].

e There was a slight reduction in the frequency of the combined outcome of peri-
natal death or severe neonatal complications (not statistically significant) [4.3%
vs. 5.4%, RR 0.80 (95% CI: 0.64-1.00)].

¢ Increased median time spent in the labor room (20 h vs. 14 h).

However, this study dose not show the advantage for induction of labor before
39 weeks gestation compared with waiting for spontaneous labor.
4 Uterotonic Agents Used in Japan

There are three types of uterine contractile drugs used in Japan: (1) oxytocin, (2)
prostaglandin F,,(PGF),,, and (3) prostaglandin E,(PGE),.

Table 1 Common conditions for which induction of labor is indicated

Fetal factor ¢ When neonatal care is required to save a child’s life

¢ Chorioamnionitis

¢ Perimenopause and its prevention

¢ Excessive amniotic fluid

e Pregnancy with diabetes mellitus

* If a giant baby is expected

¢ Fetal death in utero

¢ In addition, when it is judged that early delivery of the baby is necessary
* Slight contractions

e Early water breaking

¢ Pregnancy hypertension

Maternal factors

Prevention of sudden birth
If the continuation of the pregnancy is likely to cause danger to the mother
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4.1 Oxytocin

Oxytocin administration is the most common and proven method of labor induc-
tion; according from a network meta-analysis of methods of labor induction in
2016, the use of intravenous oxytocin administration plus amniotomy and the use of
vaginal PGE, were the two approaches most likely to achieve vaginal delivery
within 24 h [9]. It has been approved in 2020 in Japan.

4.1.1 Pharmacological Action

Administration of oxytocin is effective for periodic uterine contractions from
approximately 20 weeks of gestation. Myometrial reactivity increases with increas-
ing gestational age up to 34 weeks of gestation [10]. The increase in myometrial
reactivity is mainly due to an increase in myometrial oxytocin receptor binding sites
[11]. Activation of the receptor triggers signaling events that stimulate contraction,
mainly by increasing intracellular calcium levels [12].

Oxytocin is polypeptide thus cannot be administered orally because the is
degraded by gastrointestinal enzymes into a small, inactive form. Therefore, oxyto-
cin should administer intravenously (by this route, its half-life has been estimated to
be 3—6 min [13]).

Progression during spontaneous labor is not related to increased oxytocin levels.
Uterine contractions are also unrelated to changes in plasma oxytocin levels, and
hypotonic contractions does not appear to be the result of oxytocin deficiency [14].
However, mutations in oxytocin receptors related genes appear to be associated
with the amount of required oxytocin during induction of labor and the duration of
labor [15].

4.1.2 Instructions for Use (Monitoring Uterine Contraction and Fetal
Heart Rate)

When oxytocin is given, continuous monitoring of uterine contraction and fetal
heart rate (FHR) should be performed so that the dose can be adjusted based on
uterine contraction and FHR patterns.

Before using oxytocin, confirm the fetus is not severe fetal distress (Category 3
fetal heart rate pattern) [16].

4.1.3 Regarding Dosage and Administration (Low-Dose Method) [16]

Dissolve 5 units in 500 mL of 5% sugar solution, Ringer’s solution, or saline solu-
tion (10 milliunits/mL).
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Starting volume: 1-2 mm units/min (6—12 mL/h)

Maintenance dose: 5—-15 mm units/min (30-90 mL/h)

Maximum dosage: 20 mm units/min (120 mL/h)

Increasing dose: Increase by 1-2 mm units/min (6—12 mL/h) after at least 30 min

If oxytocin is being administered at the time of uterine tachysystole, the dose
should be reduced or discontinued until resolution of tachysystole, even if the FHR
is not suggestive of fetal hypoxia or acidosis. If there are adverse changes in FHR,
standard interventions, such as cesarean section, vacuum delivery, or forceps deliv-
ery, should be performed [17, 18].

No studies have evaluated the optimal approach to restarting after oxytocin is
discontinued; one approach is to restart at 1/2 of previous dose when oxytocin is
discontinued within less than 30 min, or at the first dose ordered if it is discontinued
for more than 30 min [19-21].

4.1.4 Side Effect
Arrhythmia (VT), cardiac arrest, shock, dyspnea, tachyystole, signs of fetal hypox-
emia, cloudy meconium staining, etc.

4.1.5 Contraindications and Cautious Administration [16]

Contraindications and cautions for PGF,, administration are listed in Table 2.

4.2 PGE,
4.2.1 How to Use

Confirm that there is no fetal dysfunction (Category 2—3 fetal heart rate waveform)
prior to use [16].

4.2.2 Dosage and Administration

There are oral and vaginal usage.

The first oral dose is 1 tablet (0.5 mg), and the next dose should be taken at least
1 h later, up to a maximum of 6 tablets (3 mg) per day [16].

The vaginal formulation was approved in Japan in January 2020 and became
available in April 2020. It is a vaginal insert containing 10 mg of dinoprostone and
is a timed-release formulation (the drug is released at a rate of 0.3 mg/h). The insert
should be left in place until labor begins or for 12 h.
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Table 2 Contraindications and cautious administration
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Oxytocin PGF,, PGE,
Taboo e Within 1 h of the last |+ Abnormalities in the |¢ Abnormalities in the
dose of PGE, position of the position of the
e Severe fetal placenta such as placenta such as
dysfunction pelvic position pelvic position
¢ Impending uterine e Severe fetal * Severe fetal
rupture dysfunction dysfunction
¢ More than two e Bronchial asthma e Previous
previous cesarean and its history hysterectomy
sections e Previous cesarean * Previous cesarean
section section
e Within | hof PGE, |¢ Within 1 h of uterine
administration contraction
e Hypersensitivity to the drug in question
¢ Previous cesarean section with an incision in the uterine body (classic
cesarean section, T-shaped incision, bottom incision, etc.)
e Hysteroscopic myomectomy (including hysteroscopic myomectomy)
* Concurrent use with other uterine contractile drugs
¢ Not enough time has passed during or after prasteronic acid administration
¢ Within an hour of Metro Intel insertion
* Simultaneous use with hygroscopic cervical dilators (Laminaria, etc.)
¢ Placenta previa
e In the case of apparent infant-head pelvis imbalance
¢ Pelvic stenosis
¢ Horizontal position
e Premature detachment of the normal placenta (fetal presence)
¢ Hypersystole
Cautious ¢ Fetal insufficiency e Glaucoma * Glaucoma
administration |¢ Pregnancy e Heart disease e Bronchial asthma
¢ Cardiac, renal, and e Hypertension and its history

vascular disorders
Dystocia due to
anomalous fetal
position

Soft canal sclerosis
One previous cesarean
section

Uterine incisions
other than those listed
in the
contraindications
Older first-time
mothers

Premature separation
of normal placenta (in
case of fetal death)

Fetal insufficiency

e Premature separation
of normal placenta
(in case of fetal
death)

Acute pelvic cavity
infection and its
history

Pelvic disproportion of the head is suspected

Multiple pregnancies
Fertile woman
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4.2.3 Side Effects

Maternal adverse effects are including nausea and vomiting, facial flushing, hyper-
emesis gravidarum, and diarrhea; fetal adverse effects are meconium staining of
amniotic fluid, fetal bradycardia, fetal tachycardia, and fetal dysfunction.

Vaginal suppository, there were relatively few systemic adverse effects such as
maternal fever, nausea, and vomiting.

4.2.4 Contraindications and Cautious Administration [16]

Contraindications and cautions for PGE, administration are listed in Table 2.

5 Association with Cerebral Palsy

As for the quantitative and epidemiological analysis of cerebral palsy (CP), the
“10th Report on Prevention of Recurrence, The Japan Obstetric Compensation
System for Cerebral Palsy” (2020) [22] is the most recent, and it contains statistics
on 2457 cases for which causal analysis reports were published by then. Of these,
346 (14.1%) were classified as having induction of labor and 524 (21.3%) as having
augmentation of labor, which is not a particularly large number compared with the
general case. In 870 cases, oxytocin administration was the most common (515
cases, 21%), followed by PGF,, (79 cases, 3.2%) and PGE, (132 cases, 5.4%). As
for other procedures, artificial rupture of membranes was performed in 473 cases
(19.3%), genital bleeding in 148 cases (6.0%), and cervical dilators such as lami-
naria in 44 cases (1.8%), which were not uncommon.

Each series of “Report on Prevention of Recurrence of the Japan Obstetric
Compensation System for Cerebral Palsy” has thematic analyses, and there are
analyses on uterotonic agents in the first (2011) and third (2013) reports. According
to the tenth report [22], out of the 999 cases analyzed, 257 cases were uterotonic
agents were used. Of the 257 cases in which uterotonic agents were used, the cases
in which only oxytocin was used by year of birth is as follows: 34 cases (77.3%) in
2009, 26 cases (60.5%) in 2010, 26 cases (70.3%) in 2011, 33 cases (67.3%) in
2012, 33 cases (80.5%) in 2013, and 25 cases (58.5%) in 2014. In 2014, there were
25 (58.1%) cases. In 209 (81.3%) cases, a single uterotonic agent was used, and in
48 (18.7%) cases, multiple uterotonic agents were used. There were no case in
which pluriel uterotonic agents were used. Of the 220 cases in which oxytocin was
used, 9 (22.0%) were in 2009, 8 (23.5%) in 2010, 8 (26.7%) in 2011, 19 (47.5%) in
2012, 22 (55.0%) in 2013, and 18 (51.0%) in 2014. In 2014, 18 cases (51.4%) were
reported, and the rate has been around 50% since 2013. The details by year of birth
of cases in which the method of continuous fetal heart rate monitoring by
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cardiotocogram was 26 (63.4%) in 2009, 26 (765%) in 2010, 20 (66.7%) in 2011,
31(77.5%) in 2012, 34 (85.0%) in 2013, and 27 (77.1%) in 2014. In 2014, however,
there were 8 cases (22.9%) in which fetal heart rate monitoring was intermittent.
According to “Points to keep in mind when inducing or promoting labor with uter-
ine contractions” (revised 2011 edition), when multiple drugs are used in the same
case, the administration of the next drug should be started after a certain period of
time from the end of the first drug administration and should not be used simultane-
ously. Although there were no cases of simultaneous administration in the analyzed
cases, there were cases in which oxytocin was immediately switched without an
interval after the use of PGF,,, and cases in which the time between the oral admin-
istration of PGE, and the start of oxytocin was short.

In the 56 cases analyzed, cervical ripening agents (e.g., prasterone sulfate sodium
hydrate) were used in 9 cases, hygroscopic cervical dilation devices (e.g., laminaria)
were used in 2 cases, metreurynter were inserted in 13 cases, and amniotomy was
performed in 26 cases. (There were duplicates.)

In the cases analysis, cervical ripening device was administered at the same time
as oxytocin administration, a hygroscopic cervical dilator was left in place when
oxytocin was initiated, and cervical ripening devices and oxytocin administration
were initiated at the same time as the insertion of metroirintel. The report pointed
that “Prasterone sulfate sodium hydrate preparation was administered at the same
time as oxytocin administration, and the fact that the administration was not per-
formed according to the package inserts is a deviation from the standard.” In addi-
tion, there was a case in which an artificial rupture of membranes was performed
while oxytocin was being administered without continuous monitoring. According
to “Guidelines for Obstetrics and Gynecology, Obstetrics Edition 2020,” “Q415-1
What should be confirmed before starting administration of uterine contractile
drugs (oxytocin, PGF,,, and prostaglandin E, tablets)?”” In section [16], “Do not
administer contractions during insertion of hygroscopic cervical dilators (e.g., lami-
naria), intravenous administration of prasterone sulfate sodium (e.g., Levospa®), or
not long enough after administration, or during administration of other contrac-
tions” is listed as recommendation level A. “The Report on the Prevention of
Recurrence of the Japan Obstetric Compensation System for Cerebral Palsy” also
states that “administration of oxytocin is started at the same time as insertion of
metroirintel. Therefore, it is necessary to use the drug in accordance with the con-
tent of the package insert” and “It is necessary to leave an appropriate interval when
shifting from the dinoprost drug to the oxytocin.”

From the above, it can be concluded that the reported incorrect using of utero-
tonic agents in cases of cerebral palsy were listed as follows:

1. When the dose (starting dose, increasing dose, maximum dose) is higher dose
than the standard dose

2. Inappropriate FHR monitoring while using uterotonic agents

3. If the administration of the next drug is started within a certain period after the
completion of the first drug administration
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4. If oxytocin is started while a hygroscopic cervical dilator has been inserted

5. When cervical ripening agents or oxytocin are started at the same time as the use
of metreurynter

6. Use of a uterotonic agents despite an FHR waveform suggestive of nonreassur-
ing fetal status

7. Use of oxytocin despite not being a diagnosis of prolonged labor or labor arrest
(inappropriate indication)

6 Pathophysiology

According to the “Causes of the Onset of Cerebral Palsy” of the “Third Report on
the Prevention of Recurrence of the Japan Obstetric Compensation System for
Cerebral Palsy” the following information was described in relation to the use of
uterotonic agents [23].

Of the 56 cases subjected to analysis, there was one case in which the main cause
of the onset of cerebral palsy was considered to be hypersystole caused by the use
of uterotonic agents, such as follows: “The cause of the onset of cerebral palsy is
considered to be the persistent hypoxia for 80 min before the delivery, and the pos-
sibility of hypersystole caused by oxytocin is considered to be a factor.” There were
36 cases in which the main cause of the onset of cerebral palsy was other than the
use of uterine contractions, and 19 cases in which the cause of the onset of cerebral
palsy was “not clear” or “difficult to identify.” However, even in these cases, as
shown below, there were 6 cases in which the use of uterine contractile drugs “may
have affected,” “cannot be denied to have affected,” or “may have been an aggravat-
ing factor” in some way.

It may be due to a combination of factors such as administration of uterotonic
agents, decrease in placental blood flow due to epidural anesthesia, and direct effect
of local anesthetics on the fetus.

Although it does not meet the definition of hypersystole, the possibility that the
use of oxytocin affected the fetus cannot be ruled out.

The use of oxytocin to augment uterine contractions and the time required for
neonatal resuscitation may have contributed to the worsening of hypoxia.

Vacuum delivery with fundal pressure was undergone 11 times, and the adminis-
tration of uterotonic agents in the presence of fetal distress may have been aggravat-
ing factors.

The administration of oxytocin was continued when Category 2 to Category 3
FHR pattern appeared, which may have affected the fetal hypoxia.

It is unclear whether hypersystole/tachysystole existed because of inappropriate
tocogram measurement; abnormal uterine contraction induced by oxytocin may
have exacerbated fetal hypoxemia and acidosis.

In those cases, there is a possibility of inducing hypersystole and nonreassuring
fetal status due to fetal hypoxia caused by uterine contractions.
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However, most of the uterine contractions are measured using external pressure
gauges, and it is thought that there are cases in which hypersystole and tachysystole
are not accurately measured.

7 Toward Prevention

The recommendations from the Committee for the Prevention of Recurrence pub-
lished in 2013 are shown in Table 3. Adherence to these recommendations in the use
of uterotonic agents, neonatal resuscitation, and confirming for signs of fetal hypox-
emia may prevent the onset of CP.

Table 3 Recommendations from the Recurrence Prevention Committee published in 2013
(modified from Ref. [23])

1. About the use of uterine contraction medicine

(a) Indications, conditions, and contraindications should be thoroughly reviewed, and the drug
should be used only after obtaining written explanation and consent. When verbal consent
is obtained, such as in case of emergency, it should be written in the medical record

(b) The well-being of the fetus should be assessed before the use of uterine contractions is
started

(c) The use of uterine contractions and cervical ripening device may cause hypersystole.
Therefore, during induction and promotion of labor, cardiotocogram should be worn
appropriately, fetal well-being and labor should be constantly evaluated, and labor should
be carefully monitored. If an abnormal fetal heart rate pattern appears, it should be
considered that continue uterotonic agents or not

(d) Follow the dosage and administration for proper use

2. The use of multiple uterine contraction drugs
(a) If oxytocin or PGF,, is used, it should be used at least 1 h after the last dose of PGE,
(b) If PGE, is used, it should be used at least 1 h after the last dose of oxytocin or PGF,,, and
not use at the same time

3. Other measures to induce or promote labor while using uterotonic agents

(a) If cervical ripening is inadequate, cervical ripening should be followed by induction and
promotion of labor
(b) Do not use cervical ripening agents or hygroscopic cervical dilators at the same time as
uterine contractions
In the case of concomitant use of metreurynter and uterotonic agents, uterotonic agents
should be started at least 1 h after the insertion of metrethrinsel and after observation with a
delivery monitoring device
The following points are important for use
e Follow the dosage
e Continue to monitor fetal heart rate during use to detect nonreassuring fetal status
* Do not use in combination with or in a manner that may lead to excessive labor or
uterine rupture
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Summary

* One of the goals of assisted vaginal delivery (instrumental delivery: vac-
uum device or forceps) is to prevent the progression of fetal hypoxia and
acidosis.

* Unfortunately, some instrumental delivery cases are suggested to be an
aggravating factor of cerebral palsy.
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* Both vacuum and forceps deliveries should be started after confirming that
the maximum circumference of the fetal head sufficiently moves down into
the pelvis and that the fetal head is at +2 station or below.

» Uterine fundal pressure (Kristeller maneuver) should be carefully per-
formed because it may aggravate the uteroplacental circulation.

 Call for help should be performed before instrumental delivery to prepare
for situations, such as cesarean section in case of unsuccessful vaginal
birth or shoulder dystocia.

e A practitioner should evaluate whether the fetal head is descending after
the first or second traction. If there is no progress, they should prepare for
forceps delivery or cesarean section.

e A practitioner should carefully observe the newborn baby after birth to
detect complications, such as subgaleal hematoma.

 Indications, summaries, and methods of childbirth should be appropriately
recorded at the time of each treatment.

1 Assisted Vaginal Delivery and Cerebral palsy

According to the “10th Report on Prevention of Recurrence, The Japan Obstetric
Compensation System for Cerebral Palsy,” of the 2457 cases of cerebral palsy
covered by this system (for which cause analysis reports were completed by the
end of September 2019), 260 were vacuum deliveries, 21 were forceps deliveries,
12 were combined vacuum and forceps deliveries, and 87 were cesarean sections
after assisted vaginal deliveries. In summary, an assisted vaginal delivery (vacuum
or/and forceps delivery) was performed for 380 (15%) of the 2457 cases of cere-
bral palsy.

Most of these cases unfortunately resulted in cerebral palsy due to hypoxic-
ischemic encephalopathy (HIE) despite the best efforts of the obstetrician to treat
nonreassuring fetal status (NRFS). One of the goals of assisted vaginal delivery
(instrumental delivery: vacuum device or forceps) is to prevent the progression of
fetal hypoxia and acidosis during labor. Appropriate assisted vaginal delivery pre-
vents cerebral palsy. An assisted vaginal delivery basically should not result in cere-
bral palsy.

However, some instrumental delivery cases are suggested to be an aggravating
factor of cerebral palsy. I analyzed 41 cases of the cause analysis reports, which
were performed vacuum or/and forceps delivery in 2015-2016 and covered by the
Japan Obstetric Compensation System for Cerebral Palsy, and 18 cases (44%) were
pointed out that assisted vaginal delivery or Kristeller maneuver may have been an
“aggravating factor” of cerebral palsy [1]. In some cases, although assisted vaginal
delivery was appropriately performed, cerebral palsy occurred due to its complica-
tions such as subgaleal hematoma.
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In this section, I will introduce typical cases which assisted vaginal delivery was
suggested to be the cause of cerebral palsy and a summary of cause analysis report
was officially published by the Japan Obstetric Compensation System for Cerebral
Palsy. I will also discuss the points and preventive measures for each case. I will not
discuss the conditions of application for assisted vaginal delivery or the timing of
implementation, because cardiotocography (CTG) has not been officially published.

2  Summary of Assisted Vaginal Delivery

[Case 1] Unsuccessful Vacuum Delivery from Sp + 0 cm (Primipara)
40 weeks and 1 day pregnant

At 11:45: Spontaneous rupture of membranes occurred. Administration of
oral antibiotics was started.

40 weeks and 2 days pregnant

At 9:00: Blood test = white blood cell 19,700/pL, CRP 5.73 mg/dL.

At 15:00: Patient was diagnosed with inadequate uterine contractions. Labor
was augmented with oxytocin infusion.

At 20:10: Sacral epidural anesthesia was performed.

At 22:10: Vacuum delivery with Kristeller maneuver was performed. CTG
showed that the fetal heart rate became bradycardia of less than 80 beats/
min and it lasted for about 15 min.

Unknown time: A cesarean section was decided due to severe fetal
bradycardia.

At 22:45: Childbirth by cesarean.

Findings in a newborn baby

Birth weight was 3370 g, Apgar score was 0 points for 1 min and 4 points for
5 min. Baby was diagnosed with hypoxic-ischemic encephalopathy
after birth.

Umbilical cord blood gas analysis

pH 7.44, BE —4.8 mmol/L (sic).

2.1 Causes of Cerebral Palsy in the Cause Analysis Report

The report says “The cause of cerebral palsy is suggested to be fetal hypoxia and
acidosis occurred during delivery” and “The cause of fetal hypoxia and acidosis is
suggested to be uteroplacental insufficiency which was induced by combining vac-
uum delivery with Kristeller maneuver and other factors such as umbilical cord
compression.”
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2.2 Medical Assessment in the Cause Analysis Report

The report says “It is common to perform a vacuum delivery when the fetal head at
0 station and the head does not descend any more, but it is not common to continue
traction when the fetal bradycardia is not recovered.”

2.3 Author’s Discussion

We should consider what is the summary (criteria) of vacuum extraction delivery
from this case. Guideline for Obstetrical Practice in Japan 2020 says its criteria are
“cervix fully dilated and the rupture of membranes” and “engagement of fetal head
(it means that the fetal head at O station or more).” However, the guidelines also say
that “it is better to wait traction until the fetal head position is sufficiently descend-
ing (lower than +2 station) or to perform a cesarean section rather than performing
vacuum extraction at a higher station.” So, it does not mean that they uncondition-
ally recommend vacuum delivery at O station or +1.

For forceps delivery, guideline says that ““as a general rule, its criteria are a lower
middle position and the sagittal suture should be in the midline and straight,” and
the commentary recommends +2 station or lower. From the standpoint of the author,
who has preferentially learned forceps assisted delivery, I feel that vacuum delivery
should not be performed at a position higher than the appropriate forceps position,
because vacuum delivery has less traction power than forceps. “Assessment of fetal
head descent and forceps assisted delivery” written by Takeda and Seki [2] shows
details how to assess the fetal head position. I also would like to recommend this
book to doctors who do not perform forceps delivery. In the book, Takeda says that
“the criteria for vacuum delivery should be +2 station or lower the same as forceps
delivery,” and I agree with him.

Furthermore, what is truly important is that the maximum circumference of the
fetal head is fully engaged into pelvis, and the descent of the fetal head is just one
of the materials used to estimate the fetal engagement (Fig. 1). Especially in cases
of abnormal rotation, the largest circumference of the fetal head may not be suffi-
ciently engaged in the pelvis even if the lowest part of the head seems to be
descended (Fig. 2). During internal examinations, it is important to make a habit of
comprehensively assessing the descent of the fetal head not only from the descent
of the lowest part of the head but also from the fetal head rotation and palpation of
the pubic bone.

In addition, what is interesting in this case is that the fetal heart rate became
bradycardic during vacuum delivery with uterine fundal pressure. It is known that
the fetal heart rate has problem during assisted vaginal delivery due to decreased
oxygen supply to fetus caused by deterioration of uteroplacental circulation and the
umbilical cord compression by fetal descent. The addition of uterine fundal pressure
(Kristeller maneuver) may increase the intrauterine pressure and aggravate the
uteroplacental circulation. Although the uterine fundal pressure was usually



Assisted Vaginal Delivery (Including Kristeller Maneuver) 213

Fig. 1 Relationship
between the lowest part
and largest circumference
of the fetal head with
normal rotation [2]. If the
lowest part of the fetal
head is at +3 station, the
largest circumference of
fetal head
(suboccipitobregmatic
circumference) is
sufficiently engaged in the
pelvis and is about to reach
the lower space

maximum perimeter
diameter

Fig. 2 Relationship
between the lowest part
and the largest
circumference of the fetal
head with abnormal
rotation (fronto-anterior
position) [2]. The lowest
part of the fetal head is at
+3 station, the same as in
Fig. 1, but the largest
circumference
(occipitofrontal
circumference) is in the
pelvic inlet. The baby must
be pulled for longer
distance before birth

maximum perimeter
diameter

performed for the quick child birth, there was no obvious effect of uterine fundal
pressure on shortening the second stage of labor according to Cochrane review [3]
(but the evidence level was low). We should recognize that the uteroplacental circu-
lation is obstructed during assisted vaginal delivery or uterine fundal pressure, so
that the uterine fundal pressure should be performed only as an adjunct to assisted
vaginal delivery, and it should be done in the shortest possible time.

3 Method of Assisted Vaginal Delivery

[Case 2] Unsuccessful Vacuum Delivery After 10 Pulls (Primipara)
41 weeks and 1 day pregnant

At 2:20: Patient was admitted to the hospital due to onset of labor.
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41 weeks and 2 days pregnant

At around 20:00: Mild to severe prolonged decelerations appeared on CTG.
At around 21:50: Tachycardia, reduced variability or loss of variability,
absence of acceleration, repetitive late decelerations appeared on CTG.
At 23:56: Oxytocin augmentation was started due to prolonged labor with

inadequate uterine activities after cervix fully dilated.

41 weeks and 3 days pregnant

At around 0:02: Bradycardia of less than 80 beats/min appeared on CTG.
At 0:33: Vacuum-assisted birth (total 10 pulls) with Kristeller maneuver was
performed due to absence of labor pains.

Findings in a newborn baby

Birth weight was 3119 g, and Apgar score was 1 point for 1 min and O points
for 5 min. Baby was diagnosed with hypoxic-ischemic encephalopathy
after birth.

Umbilical cord blood gas analysis

Not implemented.

3.1 Causes of Cerebral Palsy in the Cause Analysis Report

The report says that “The cause of cerebral palsy is suggested to be fetal hypoxic
and acidosis during delivery,” and “the fetus became hypoxic due to umbilical cord
compression against a background of placental dysfunction with late-term preg-
nancy, and the hypoxic condition was aggravated by vacuum delivery combined
with Kristeller Maneuver.”

3.2 Medical Assessment in the Cause Analysis Report

The report says that “It was medically appropriate to select the vacuum-assisted
delivery under the conditions of fetal bradycardia, fully dilated cervix and fetal head
at +2 station at around 0:02 a.m. on 41 weeks and 3 days of gestation, but it is
uncommon to pull the fetus 10 times.”

3.3 Author’s Discussion

Although I think it was inappropriate to augment labor with oxytocin when the CTG
showed reduced to loss of variability, the conditions of “fully opened cervix and
fetal head Sp +2 cm” were appropriate to apply the vacuum-assisted delivery.
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Nevertheless, the fact that more than 10 pulls were required may show the difficulty
of vacuum-assisted delivery. The Guidelines for Obstetrical Practice has always
stated that “there is no method to predict the success of vacuum assisted delivery
with certainty” since the first edition. This case makes us keenly aware of this fact.

If there is no way to predict success, the important thing is to assess the process
of vacuum-assisted delivery. We must properly assess whether the fetal head is
descending or not. If it is going to be unsuccessful, we must switch to another
method. When should we consider switching, for example, after how many tractions
had done or how many minutes have passed?

The Guidelines for Obstetrical Practice in Japan 2020 answered that “the total
traction time (time from the cup attachment to the end of all the pulls) exceed 20
minutes” or “the total number of pulls (including slip-off) is five” to this question.
But it does not mean that “we should switch to another method after 20 minutes or
5 pulls.” These criteria are not based on a high level of evidence but on guidelines
and consensus from other countries, so the time and frequency should be as low as
possible. In a cohort study in the United Kingdom, more than 3 pulls and 10 min of
pulls were associated with newborn adverse events [4], and other studies have
reported an increase in head hematoma and fracture [5] and an increase in unsuc-
cessful delivery with more than 3 pulls [4]. Based on these findings, the Royal
College of Obstetricians and Gynaecologists (RCOG) guidelines [6] clearly state
that “pulls should be stopped if delivery is not imminent even after 3 pulls.” So, it is
better to reconsider before “five pulls” or “20 minutes.”

It is important to assess whether the fetal head has descended after the first or
second pull. If there is no progress in delivery, for example, there is no response, or
the fetal head does not move, we should switch to forceps delivery or speed up the
preparation for cesarean section as soon as possible. If the fetal head does not
descend by pulls, it will not descend by repetition. In the meantime, the fetal circu-
lation failure will be worser.

In some cases, the cup slips off and it is not possible to assess the fetal head
descent. The causes of slip-off include following.

1. The center of the cup is not correctly placed at the flexion point (3 cm anterior to
the posterior fontanelle on the sagittal suture).

2. The direction of traction does not follow the pelvic line.

. Insufficient negative pressure due to defective equipment.

4. Excessive fetal caput succedaneum.

(O8]

Simulation training for proper vacuum-assisted delivery is also available through
Advanced Life Support in Obstetrics ALSO®.

If the baby still slips out, there may be an abnormality in the size of fetal head or
rotation of the fetal head. In the book, “Assessment of fetal head descent and forceps
assisted delivery” [2], Seki wrote, “if the baby slips off two or three times, we
should change from vacuum delivery to forceps or cesarean section, and if the baby
slips off even once, we should be cautious enough and consider switching to another
method of delivery.” A slip-off may cause the practitioner to lose his composure. It
is necessary to reexamine whether the cause of slip-off is inappropriate technique or
dystocia.
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It is rare for a forceps delivery practitioners to experience slip-off. However, even
with forceps, it is necessary to assess the descent of the fetal head during the deliv-
ery. I feel that forceps delivery does not require multiple pulls and strong traction
like vacuum delivery, because forceps strongly grasp the fetal head. When strong
tractions are needed, excessively large fetus or abnormal fetal rotation may be sus-
pected. These assessment and switching are more important than vacuum-assisted
delivery.

4 Shoulder Dystocia After Assisted Vaginal Delivery

[Case 3] A Case of Shoulder Dystocia After Forceps Delivery
(Primipara)
39 weeks and 5 days pregnant

Balloon catheter was inserted due to no progress in labor.
39 weeks and 6 days pregnant

At 8:30: Dinoprostone injection was started for induction of labor.

At 5:10 p.m.: Prolonged deceleration and uterine hyperstimulation were seen
on CTG, and then administration of dinoprostone injection was stopped.

At 18:18: Reduced variability, severe prolonged deceleration, and repeated
severe late deceleration were seen on CTG.

At 18:49: Administration of dinoprostone injection was resumed.

At 19:20: A forcep-assisted delivery was performed due to fetal distress.
When the fetal head was delivered, bloody amniotic fluid was seen in a
fetal nose. Long time and strong traction were needed for delivering shoul-
ders due to shoulder dystocia.

Findings in a newborn baby

Birth weight was 3440 g, Apgar score was 3 points for 1 min and 5 points for
5 min. Baby was diagnosed with hypoxic-ischemic encephalopathy
after birth.

Umbilical cord blood gas analysis value

pH 6.784, BE —22 mmol/L.

4.1 Causes of Cerebral Palsy in the Cause Analysis Report

The report says that “we believe that the cause of cerebral palsy is fetal hypoxia and
acidosis caused by placental abruption.”
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4.2 Medical Evaluation in the Cause Analysis Report

The report says that “resuming administration of dinoprostone injection and per-
forming forceps delivery were one of the options after the practitioner decided the
quick child birth” and “the process of forceps delivery (it was done after confirming
the fetal head position) is common.”

4.3 Author’s Discussion

The cause of cerebral palsy in this case was regarded as placental abruption, and
shoulder dystocia after forceps delivery was not mentioned as a cause. However, it
is common that shoulder dystocia occurs after vacuum or forceps deliveries.

In the “Guidelines for Obstetrical Practice in Japan 2020,” the treatment of
shoulder dystocia is described in the section of large fetus, but in reality, shoulder
dystocia also occurs in non-large fetus. One of the factors of shoulder dystocia is
assisted-vaginal delivery. In the published summary of the cause analysis report,
shoulder dystocia occurred in seven cases, five of which were non-large fetus and
four of which were assisted vaginal births.

Why does shoulder dystocia occur after assisted vaginal delivery? I have heard
the theory that it is because the traction of the fetal head widens the fetal shoulder.
Personally, I feel that it may be related to the fact that only the fetal head is rapidly
delivered without the maximum circumference of the shoulder sufficiently descent
into the birth canal. There may also be a bias that a fetus with shoulder dystocia has
a wide shoulder and it is more likely to need an assisted vaginal delivery because of
the prolonged second stage of labor.

Now, what should we do if shoulder dystocia occurs? The “Guidelines for
Obstetrical Practice in Japan 2020 and other books describe several methods for
the management of shoulder dystocia, and ALSO® provides systematic practical
training. I will not go into the details in this section, but my personal opinion is that
the most important thing is the number of personnel. We need one person for man-
ual perineal protection, one for the right leg of the McRoberts maneuver, one for the
left leg, and one for neonatal cardiopulmonary resuscitation (NCPR). In addition to
the surgeon, four other people are needed. Also, we should consider other support-
ers to push the upper pubic margin and to raise the fetal head when performing the
Rubin or Wood’s screw maneuver. However, with the exception of the surgeon and
NCPR practitioner, all of these procedures are relatively easy, so it is only necessary
to have a sufficient number of personnel. It doesn’t matter if that is a medical assis-
tant, a patient husband, or even the head nurse on duty.

When applying an assisted vaginal birth, mobilize all available personnel. You
may have to prepare for emergency cesarean section or shoulder dystocia, so you
should make a habit of calling for help anyway.
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5 Neonatal Complications of Assisted Vaginal Delivery,
Importance of Documentation

[Case 4] A Case of Subgaleal Hematoma After Vacuum Delivery
(Primipara)
38 weeks and 3 days pregnant

At 9:30: Patient was admitted due to premature rupture of membrane.

At 10:10: Oxytocin induction was started.

At 15:43: Vacuum-assisted delivery with uterine fundal pressure was per-
formed. Fetus was in occiput posterior presentation.

Findings in a newborn baby

Birth weight was 3005 g, Apgar score was 9 points for 1 min and 10 points for
5 min. Baby was diagnosed with subgaleal hematoma, DIC (disseminated
intravascular coagulation), hemorrhagic shock, and hypoxic-ischemic
encephalopathy after birth.

Umbilical cord blood gas analysis

Not implemented.

5.1 Causes of Cerebral Palsy in the Cause Analysis Report

The report says that “we believe that the cause of the cerebral palsy is circulatory
disturbance due to massive hemorrhage of the baby,” “the cause of circulatory dis-
turbance is likely to be subgaleal hematoma,” and “vacuum delivery is an associated
factor in the development of subgaleal hematoma.”

5.2 Medical Evaluation in the Cause Analysis Report

The report says that “it is not common that the application and summary of vacuum
assisted delivery with uterine fundal pressure were not written in the medical record.
In addition, it is not common to perform vacuum assisted delivery and uterine fun-
dal pressure without any findings of distress or prolonged second stage of labor
from the medical record and CTG.”
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5.3 Author’s Discussion

This is a case of cerebral palsy due to subgaleal hematoma after birth, despite suc-
cessful vacuum delivery and no asphyxia. As far as [ have searched the summary on
the cause analysis report of the Japan Obstetric Compensation System for Cerebral
Palsy, among 494 published cases, 23 newborns had subgaleal hematoma, and 19
were delivered by vacuum and 3 by both vacuum and forceps. Most of them (20
cases) had obvious hypoxia and acidosis in the peripartum period, and the direct
cause of cerebral palsy was hypoxic-ischemic encephalopathy. However, there are a
few cases, such as this case, which has no neonatal asphyxia and diagnosed as cere-
bral palsy due to subgaleal hematoma alone. The Japan Society of Obstetricians and
Gynecology has reported several cases of neonatal death due to subgaleal hema-
toma after vacuum-assisted delivery [7].

In 1998, the US Food and Drug Administration (FDA) issued a warning about
subgaleal hematomas associated with vacuum-assisted deliveries. The space
between the galea aponeurotica and the periosteum of the skull is large, so that it can
contain a lot of blood to cause hemorrhagic shock in newborn babies. The frequency
increases with cases, which were switched from vacuum to forceps or cesarean
delivery, but it can also occur with vacuum delivery alone.

How we can prevent a subgaleal hematoma? The FDA recommends “to avoid
shaking or actively rotating baby head during traction.” In addition, we believe that
it is important to carefully monitor the newborn baby after vacuum-assisted deliv-
ery. Neonatal findings of a subgaleal hematoma include an enlarged head (which
moves following the head movement and dents when pressed with a finger), and it
often happened that the infant has already in hemorrhagic shock, when such find-
ings are detected. It is important to recognize the signs of circulatory disturbance by
vital signs as soon as possible.

Another concern in this case is the problem of recording in the medical record.
This case was evaluated as “it is not common that the medical record does not con-
tain the application and summary of the vacuum assisted delivery with uterine fun-
dal pressure. In addition, since there were no findings of fetal distress or prolonged
second stage of labor from the medical record and CTG, it is not common to per-
form vacuum delivery with uterine fundal pressure.” As a member of the cause
analysis committee, I had a lot of opportunities to read medical records, and I found
most of them does not have an information of applications, summaries, and methods
of assisted vaginal delivery. I can find many medical records, which do not have
even what time the vacuum delivery was started. In this condition, it is impossible
to validate the medical treatment when an adverse event occurs.

In fact, there is a civil trial which the medical side lost, because a summary of
the vacuum delivery was not recorded (Yamaguchi District Court, adjudgment on
July 8, 2015) [8]. In this case, after two times unsuccessful vacuum deliveries and
three times unsuccessful forcep deliveries were performed at a small clinic, a
cesarean section was done at a bigger medical center, and the newborn baby died
due to subgaleal hematoma. There was no documentation of the degree of fetal
head descent in the medical records of the clinic, and the doctor claimed in the
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court that it was station +2 to +3. However, the court found the clinic guilty of
negligence based on preoperative findings at the medical center, which clearly
documented the degree of fetal head descent as +0 station. If the sufficient infor-
mation was documented in the medical record, the result of judgment might have
been different.

For the reasons stated above, medical records are important. Even if it is impos-
sible to simultaneously document a complete record, it is desirable to record as soon
as possible (if the record is made on another day, the date and time should be added).
At a minimum, the following items should be recorded.

1. Time of decision to attempt rapid delivery

2. Applications for rapid delivery

3. Summary (cervix fully dilated, rupture of membranes already occurred, degree
of fetal head descent, fetal presentation, etc.)

4. Method and time (start time of pulls and frequency of pulls)

5. Findings of the neonatal follow-up

I outlined four cases, which may have been associated with the development of
cerebral palsy, and considered its mechanisms and preventive measures. Although
most instrumental-assisted deliveries are performed without any adverse effects on
the child, it is important to recognize that a few cases had adverse events, so that we
should take preventive measures for all instrumental deliveries.
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Summary

 If there is no intrauterine infection and the fetus is healthy, there is no need
to intervene in the fetal adaptation, even in cases of prolonged labor.
However, if the delivery is prolonged, intrauterine infection occurs, or fetal
heart rate monitoring shows abnormalities, appropriate medical interven-
tion should be considered, even if the fetal heart rate improves.

1 Overview of Prolonged Labor/Arrest of Labor

1.1 Definition

According to the definition of the Japanese Society of Obstetrics and Gynecology,
prolonged labor is “one that does not lead to the delivery of a fetus even after 30 h
in nulliparous women and more than 15 h in multiparous who has given birth.”
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Arrest of labor is defined as “a case in which labor pains started and delivery pro-
gressed at one time, but after the uterine cervix was almost fully opened, labor
pains continued as before, but progress of delivery was not observed for more
than 2 h.”

In contrast, the American College of Obstetricians and Gynecologists (ACOG)
defines the arrest of labor as “the absence of uterine cervical dilation for 2 h or the
cessation of fetal head descent for 1 hour in both nulliparous and multiparous after
the active phase of the first stage of labor (uterine cervical dilation of 3—4 cm) based
on the Friedman curve” [1]. However, the Friedman curve was developed in the
1950s based on the course of deliveries in 500 nulliparous women at a single institu-
tion [2], and recently there have been many controversial reports concerning the
Friedman curve.

Spong et al. [3], in a workshop held by the American Society of Maternal and
Fetal Medicine (SMFM), the National Institute of Child Health and Development
(NICHD), and the ACOG, defined the active phase of the first stage of labor as
the stage starting at 6 cm of uterine cervical dilation. In the first stage of labor,
cessation of uterine cervical dilatation with proper uterine contractions for 4 h or
more or improper uterine contractions for 6 h or more was defined as arrest of
labor. In the second stage of labor, they proposed that the cessation of labor be
defined as the failure of the head to descend after more than 3 h in nulliparous
women and after more than 2 h in multiparous women [3]. However, some reports
suggest that this recommendation is not evidence-based and that this proposal is
premature [4, 5], so the definition of prolonged labor or arrest of labor remains
controversial.

Suzuki et al. [6] reported that the curve of labor in Japanese nulliparous women
is slower than that of the Friedman curve, so racial differences should be kept in
mind when making a diagnosis.

1.2 Causes of Prolonged Labor

For labor to be completed smoothly, all three elements (i.e., a deliverable fetus,
appropriate birth canal status, and labor pain as delivery force) must be present. If
any of these elements is not present, labor may be prolonged.

Fetal abnormalities include abnormal fetal presentation, position, synclitism, and
rotation. In cases of malrotation, the progression is often slow after the fetal head
enters the pelvis. Such cases tend to prolong the first stage of labor, especially after
the uterine cervical dilation has reached 4-5 cm.

Abnormalities of the birth canal include pelvic contraction and rigidity of soft
tissue in the birth canal. The progression tends to be slow when the maximum cir-
cumference of the fetal head is level with the minimum anteroposterior pelvic
diameter.

Abnormal uterine contractions include primary and secondary weak labor pain.
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1.3 Management of Prolonged Labor

Internal and external examinations are used to evaluate the fetal position, synclit-
ism, and rotation. Recently, there have been many reports citing the utility of ultra-
sonography in evaluating the progress of labor and prolonged labor, so
ultrasonography should be actively utilized [7-9]. If no maternal or fetal abnormali-
ties or a non-reassuring fetal status (NRFS) on fetal heart rate monitoring are noted,
the patient can be followed-up. However, if weak labor is diagnosed, labor augmen-
tation should be considered. Instrumental delivery or Caesarean section should not
be performed when prolonged labor is the sole indication [3]. If the uterine cervix
does not open for more than 2 h despite effective labor, Caesarean section may be
considered. If the second stage of labor is prolonged, instrumental delivery is
possible.

1.4 The Prolonged Labor Prognosis

Prolonged labor affects both the mother and child. In the second stage of labor, it is
often accompanied by perineal edema, leading to vulvar hematoma and aggravation
of laceration of the birth canal during delivery. Furthermore, the risk of postpartum
urinary incontinence is said to increase in such cases [10].

However, while there is a consensus concerning the adverse effects of such pro-
longed labor on the mother, there is reportedly no association between a prolonged
second stage of labor and the neonatal prognosis, such as a low Apgar score, neona-
tal seizures, or neonatal intensive care unit (NICU) admission without additional
findings indicating an NRFS on fetal heart rate monitoring [11-13], although there
are some reports that neonatal asphyxia and brain hemorrhaging are increased [14—
16]. Therefore, at present, there is no consensus concerning the effects on the child.

The benefits of increased vaginal delivery by avoiding Caesarean section need to
be compared with the increased risk of maternal and neonatal adverse effects in the
second stage of labor [16].

1.5 Association with Cerebral Palsy

Prolonged labor itself has not been reported to be directly associated with cerebral
palsy. However, prolonged labor has been associated with chorioamnionitis (CAM),
and prolonged labor after rupture of membrane is associated with exacerbation of
CAM, and the transition from CAM to fetal inflammatory response syndrome
(FIRS) causes excessive production of inflammatory cytokines in the fetus, which
damages neurons and leads to the development of fetal periventricular leukomalacia
(PVL), the cause of cerebral palsy. Although fetal PVL caused by FIRS is more
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likely to occur in preterm infants than in full-term ones, the cord blood cytokine
levels are also high in full-term infants with cerebral palsy, suggesting that fetal
inflammation may cause brain cell damage, as in preterm infants [17].

However, the pathogenesis of cerebral palsy in full-term infants may differ from
that in preterm infants, as the pathogenesis of cerebral palsy in full-term infants is
based on a decreased cerebral blood flow and microthrombus formation due to cir-
culatory failure caused by septic shock [18]. The pathological mechanism of “pro-
longed delivery — (rupture of membrane) - CAM — FIRS — cerebral palsy”
seems likely.

2 Case Control Study

Torbenson et al. [19] conducted a case-control study (control 104) on 26 cases of
ischemic encephalopathy due to events during delivery (singleton, >35 weeks’ ges-
tation) and reported that, among various factors during delivery, a prolonged sec-
onds stage of labor increased the risk of developing ischemic encephalopathy on a
multivariate analysis (adjusted odds ratio [AOR] 9.49 [95% confidence interval:
1.06-135.3, P = 0.042]). They concluded that the causes of ischemic encephalopa-
thy in prolonged labor may be multifactorial, as it was difficult to deliver the fetus
by Caesarean section after prolonged labor in 4 of the 26 cases.

3 Current Situation in Japan/Report from the Recurrence
Prevention Committee (Toward the Prevention
of Recurrence)

In the eighth Annual Report on the Prevention of Recurrence by the Recurrence
Prevention Committee of the Japan Obstetric Compensation System for Cerebral
Palsy (JOCSC), prolonged labor was taken up in the analysis in line with the theme.
According to the report, of the 1606 cases of cerebral palsy diagnosed, 104 (6.5%)
were singleton deliveries that met the definition of prolonged labor as defined by the
Japanese Society of Obstetrics and Gynecology and resulted in vaginal delivery.
Fetal heart rate abnormalities were observed in 103 of the 104 cases. Regardless of
the pattern and duration of fetal heart rate abnormalities, and whether or not the fetal
well-being was judged to be healthy after the appearance of abnormal waveforms,
the longer the time between the appearance of an abnormal fetal heart rate and the
delivery of the baby, the lower the Apgar score and the higher the rate of severe
neonatal asphyxia (Fig. 1). Furthermore, the percentage of cases with an umbilical
artery blood gas pH value of >7.2 tended to decrease in same 103 cases (Fig. 2)
[20]. Therefore, when delivery time is expected to be prolonged, the causes of pro-
longed delivery should be investigated for each of the three elements of labor
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Fig. 1 Time from the appearance of abnormal fetal heart rate findings to delivery of the baby and
Apgar score (Reproduced from Ref. [20])
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Fig. 2 Time from the appearance of abnormal fetal heart rate findings to delivery of the baby and
umbilical artery blood gas analysis (pH) [20]

mentioned above, and appropriate interventions should be performed, tailored to
each element.

Prolonged labor was also shown to be associated with CAM. In this eighth
Annual report, intrauterine infections were observed in 21 (21.2%) of 99 cases of



226 K. Ichizuka

cerebral palsy with prolonged labor and 63 (12.5%) of 503 cases of cerebral palsy
without prolonged labor, and intrauterine infections tended to be more frequent in
cases with prolonged labor than in those without it [20]. However, a placental histo-
pathological examination was performed in only 24.4% of cases with prolonged
labor; it is recommended that placental histopathological examinations be per-
formed when severe neonatal asphyxia is observed in cases with prolonged labor. In
34 (35.1%) of the 97 cases of prolonged labor, the medical record was inadequate.

In cases of prolonged labor, the duration of delivery management is prolonged,
which increases the frequency of complaints and events. The adequate collection of
medical information is important for understanding the condition after delivery and
for reviewing the delivery management.
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Summary

e Maternal respiratory circulatory failure causes cerebral palsy from
decreased perfusion and oxygenation of the interchorionic space.

* Chronic maternal respiratory and circulatory failure can cause fetal growth
retardation (FGR) but does not actively cause cerebral palsy.

* In acute maternal respiratory and circulatory failure, cerebral palsy can be
avoided by rapid recovery by resuscitation or early delivery.

* In the case of maternal cardiopulmonary arrest, classical delivery within
4-5 min is expected to result in uninjured survival. In addition, cerebral
palsy is rather rare and often results in death or uninjured survival.

* Amniotic fluid embolism and group A streptococcus (GAS) infection are
aggravated by persistent strong uterine contractions in addition to decreased
perfusion and oxygenation of the intervillous spaces due to acute maternal
respiratory circulatory failure.

* The purpose of a perimortem cesarean section is to resuscitate the mother,
but it is also beneficial to the fetus.
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1 Overview of Respiratory and Circulatory Failure

The condition in which the partial pressure of oxygen in arterial blood falls below
60 mmHg is called respiratory failure [1]. There are various causes of respiratory
failure, but many of them are serious, such as acute respiratory distress syndrome
and pulmonary thromboembolism. Circulatory failure is a condition in which the
effective blood flow to vital organs is reduced for some reason and the organs are
unable to maintain their functions. Acute causes include hemorrhage, infection,
heart failure, and anaphylaxis.

During pregnancy, the diaphragm is elevated, but the respiratory rate remains
almost unchanged, and preinspiratory volume, minute ventilation, and lung capac-
ity increase, while preexpiratory volume and residual air volume decrease. As a
result, minute ventilation increases and oxygenation is enhanced. In terms of circu-
lation, circulating blood volume increases, and cardiac output (the amount of blood
pumped from the heart per minute) increases due to increases in stroke volume and
heart rate. The increase in minute ventilation and cardiac output are both physiolog-
ical changes that occur to increase the oxygen supply to the intervillous spaces per
unit time. In respiratory failure, oxygenation is impaired, and the partial pressure of
oxygen in the maternal arterial blood is decreased. In circulatory failure, the blood
flow of the maternal blood to the intervillous space is decreased. In other words, the
physiological increase in oxygen delivery to the intervillous space is inhibited, and
the oxygenation of the placenta is impaired. In other words, the oxygenation of the
fetus is impaired, and an environment that causes damage to the central nervous
system emerges.

Acute respiratory and circulatory failure, if severe, can lead to shock and cardio-
pulmonary arrest. In the report of the Japan Obstetric Compensation System for
Cerebral Palsy in 2020 [2], we found that 13 cases (0.5%) of maternal respiratory
and circulatory failure due to amniotic fluid embolism were the main cause of cere-
bral palsy (CP) and 24 cases (0.5%) of maternal respiratory and circulatory failure
other than amniotic fluid embolism were the main cause of CP (0.5%) and maternal
respiratory and circulatory failure other than amniotic fluid embolism in 24 cases
(1.0%). In addition, in the 2019 report, maternal respiratory and circulatory failure
was taken up as a theme, and three cases of amniotic fluid embolism and one case
of GAS infection were introduced, suggesting that it is also important to pay atten-
tion to and manage sudden changes in maternal respiratory and circulatory status
when fetal heart rate abnormalities appear [3].

In this section, in order to decipher the relationship between maternal respiratory
insufficiency and cerebral palsy, we will first outline chronic hypoperfusion of the
intervillous spaces and then describe the relationship between maternal cardiopul-
monary arrest, the most common cause of respiratory insufficiency, and cerebral
palsy in each disease that causes respiratory insufficiency.
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2 Chronic Reduction of Circulation and Its Relation
to Fetal Growth

Bamfo et al. [4] reported that when pregnant women with normal cardiac structures
underwent echocardiography within 10 days before delivery, the cardiac output of
mothers born with fetal growth retardation (FGR) was lower than that of mothers
born with normal newborns. This decrease in cardiac output was due to a decrease
in single beat volume, not heart rate. Vasapollo et al. [S] compared various param-
eters of echocardiography, heart rate, and blood pressure between mothers with
normal fetuses and fetuses of mothers with fetal growth retardation (FGR). This
report also shows that cardiac output is lower than normal in FGR mothers and that
systemic vascular resistance is more elevated. This report also indicates that the
decrease in cardiac output is mainly due to a decrease in single-beat output. Even in
the presence of maternal cardiac disease, there are many reports showing an asso-
ciation between cardiac output and fetal growth.

Chronic impaired perfusion of the intervillous spaces affects fetal growth but has
not been associated with cerebral palsy. This may be because the degree of hypoper-
fusion of the intervillous spaces is mild in chronic respiratory insufficiency, and
compensatory changes such as placental vascularization are observed in response to
the chronic process.

3 Acute Respiratory and Circulatory Failure
and Cerebral Palsy

The most extreme form of acute respiratory and circulatory failure is maternal car-
diopulmonary arrest. In this case, the new oxygen supply to the intervillous
spaces ceases.

In 1986, Katz et al. [6] reviewed articles from the past 20 years and found that
70% of surviving infants were delivered within 5 min and 95% were delivered
within 15 minutes, indicating that neonatal survival increases within 4-5 min of
maternal cardiopulmonary arrest. Katz et al. [7] reviewed again 20 years later the
subsequent review of 1985-2004 as a follow-up and reported that 34 neonates out
of 38 cases of maternal cardiopulmonary arrest survived and 75% were delivered
within 15 min.

In 2012, Einavas et al. [8] compared the time from cardiopulmonary arrest to
birth in surviving and non-surviving neonates and reported that it was 14 = 11 min
and 22 + 13 min, respectively. These data are basically about survival and non-
survival. But what about intact survival?

In a review by Benson et al. [9], they found that the time from cardiopulmonary
arrest to birth increases the number of cases with poor neurological prognosis and
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Chronic respiratory circulatory failure Acute respiratory failure Cardiopulmonary arrest
Persistent mild hypoperfusion Rapid and severe hypoperfusion Cessation of perfusion

Fetal and neonatal deaths, but uninjured

Affects fetal development but is unlikely to survival is possible with short birth times.

actively cause cerebral palsy

Few survive with cerebral palsy.

+ Strong and persistent

Aggravating factor uterine contractions | + Extended time to delivery

Fetal oxygenation

Fig. 1 Degree of fetal oxygenation, maternal events, and cerebral palsy. Maternal respiratory
insufficiency can range from chronic respiratory and circulatory failure to cardiopulmonary arrest,
and in each situation, there is a varying degree of fetal oxygenation and consequently a varying
prognosis for the child. Affects fetal development but is unlikely to actively cause cerebral palsy.
Fetal and neonatal deaths, but uninjured survival is possible with short birth times

that 50% intact survival is achieved in 26 min. When the oxygen supply to the inter-
villous spaces is interrupted by maternal cardiopulmonary arrest, the oxygenation
of the fetus is rapidly interrupted, and the prognosis is determined by the duration
of the interruption: intact survival, cerebral palsy, or death. However, there are not
many cases of survival with cerebral palsy. Most of them either die or survive with-
out neurological damage (Fig. 1).

In perimortem cesarean delivery reported to Confidential Enquiries into Maternal
Deaths (CEMD) from 1970 to 1996, none of the surviving cases had a child with
neurological damage [10]. The timing of survival with cerebral palsy in maternal
cardiopulmonary arrest is considered to be very narrow. In addition, there is no
report that there is a difference according to the disease leading to cardiopulmo-
nary arrest.

4 Amniotic Fluid Embolism and Cerebral Palsy

Amniotic fluid embolism is a condition that presents with acute respiratory failure
and disseminated intravascular coagulation (DIC) caused by the inflow of amniotic
fluid components into the maternal bloodstream. The prognosis for both mother and
infant are poor. Anaphylactic reaction is considered to be the main cause of the
condition and respiratory failure occurs very rapidly. Amniotic fluid embolism with
cardiopulmonary collapse accounts for 12% of maternal deaths in Japan [11].
Although there is no report on the incidence of cerebral palsy, amniotic fluid embo-
lism accounts for 0.5% of the cerebral palsy cases analyzed in the Japan Obstetric
Compensation System for Cerebral Palsy, as mentioned above.
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In a report on 44 of 66 cases of amniotic fluid embolism registered in the United
Kingdom between 1997 and 2004 for which information was available for analysis,
seven of the infants born to 13 deceased mothers were present, four of whom had
acidosis, two of whom developed hypoxic-ischemic encephalopathy, and finally
one of whom developed cerebral palsy. In one case, cerebral palsy developed. Of the
18 surviving mothers whose infants were alive in utero at the time of acute respira-
tory and circulatory failure, 14 had surviving infants. Four of the surviving infants
developed hypoxic-ischemic encephalopathy, and one of them developed cerebral
palsy [12], according to the authors.

The development of cardiopulmonary collapse amniotic fluid embolism leads to
acute respiratory circulatory failure and decreased perfusion to the interchorionic
space. In the case presented in the report from the Obstetric Medical Compensation
System, strong uterine contractions were observed after the onset of amniotic fluid
embolism, and hypertrophic labor was recorded [3]. Hyperemesis gravidarum fur-
ther decreases perfusion to the intervillous space, which further inhibits oxygen
delivery to the fetus and accelerates cerebral palsy and death.

5 GAS Infection and Cerebral Palsy

When toxic shock occurs in GAS infection, rapid and strong uterine contractions
are also observed. In the case presented in the Ninth Report on the Prevention of
Recurrence of the Japan Obstetric Compensation System for Cerebral Palsy, hyper-
emesis gravidarum was also recorded by cardiotocography (CTG) [3]. Obstruction
of blood flow to the uterus due to strong and sustained uterine contractions and
septic shock prior to acute cardiopulmonary collapse can cause significant impair-
ment of fetal oxygenation. As a result, intrauterine fetal death occurs. In the analysis
of maternal deaths in Japan, 90% of cases of fetal death in utero occurred during
pregnancy. Although the incidence of cerebral palsy is not clear, Crum et al. [13]
showed from a review that four out of five cases of cerebral palsy occurring between
29 and 34 weeks of gestation resulted in intrauterine fetal death.

6 Total Spinal Subarachnoid Anesthesia and Cerebral Palsy

Total spinal subarachnoid anesthesia (total spinal anesthesia) is a condition in which
the anesthetic high extends beyond the upper cervical cord into the brainstem, caus-
ing respiratory arrest, loss of consciousness, and hypotension. In obstetrics, it may
occur during anesthesia for cesarean section or labor analgesia. Respiratory arrest
and hypotension decrease perfusion of the interchorionic space. Oxygenation of the
fetus can be maintained by administering 100% oxygen for respiratory arrest and by
administering a hypotensive agent for hypotension. If this is not done properly, fetal
death from cerebral palsy may result. In a US study, 93% of unnoticed subarachnoid
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stray epidural catheter tubes were found during labor analgesia [14]. Although the
frequency of cerebral palsy is not clear, in Japan, cerebral palsy was reported in 1 of
4 cases of total paraplegia from 2008 to 2017 in which the mother survived. Of the
three cases in which the mother died, two died and one survived without injury.

7 If the Mother Has Acute Respiratory
and Circulatory Failure

If the mother is in a critical condition, priority is given to maternal rescue.
Resuscitation is given priority regardless of the condition of the fetus. The purpose
of this procedure is to save the life of the mother in case of cardiopulmonary arrest.
It is advantageous for resuscitation to deliver the baby and relieve the pressure on
the great vessels. On the other hand, if the infant can be delivered as early as pos-
sible after cardiopulmonary arrest, the infant can survive without sequelae. Katz
et al. [6], cited earlier in this review, focused on the prognosis of the infant after
maternal cardiopulmonary arrest and found that the success rate of maternal resus-
citation improved, confirming the usefulness of cesarean section for maternal resus-
citation. The current concept of cesarean section in the perimortem stages is based
on the findings from cesarean sections performed for the purpose of saving the
mother and not for the fetus. In any case, there are only two ways to ensure fetal
survival without sequelae in the setting of acute maternal respiratory failure. Either
the acute respiratory failure must be corrected early to restore oxygen to the fetus or
the child’s oxygen source must be transferred from the placenta to its own lungs,
i.e., delivery. Again, in the case of acute maternal respiratory and circulatory failure,
the focus is on maternal resuscitation. However, these resuscitative procedures,
including cesarean section at term, are also beneficial to the survival of the child.
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Summary

* Group B streptococcus (GBS) is the most frequent causative agent of neo-
natal infections, causing sepsis and meningitis in neonates and often leav-
ing them with visual disturbances and cerebral palsy (CP). Therefore,
prevention of neonatal GBS infection is also important to prevent CP.

* The measures described in “Guidelines for Obstetrics and Gynecology
2020” have reduced early-onset GBS infections to about one-third.
However, the number of delayed GBS infections has not decreased, and it
is necessary to review the measures against GBS infections once again to
prevent CP.
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1 Neonates and Group B Streptococcal Infections

Group B streptococcus (GBS) is currently the most frequent causative agent of neo-
natal infections. Ten to thirty percent of pregnant women carry GBS, and if prophy-
lactic measures are not taken, GBS becomes established in 50% of the babies born
to carriers, and about 1% of these babies will develop the disease [1]. In other words,
0.5-1.5 newborns per 1000 will develop GBS infection. According to a nationwide
questionnaire survey by Matsubara et al. [2], sepsis and meningitis accounted for
73% and 26%, respectively, of early-onset GBS infections. The mortality rate is
4.5% in early-onset GBS infections, and the sequelae rate is about 30% in those
who develop meningitis, so it is still an important neonatal infection.

Infection progresses rapidly in neonates, leading to sepsis and meningitis, and
the prognosis is extremely poor. Meningitis in neonates often causes visual distur-
bance and cerebral palsy (CP), and prevention of neonatal GBS infection is also
important to prevent CP.

The administration of antimicrobial agents described in the “Guidelines for
Obstetrics and Gynecology 2020” (see below) reduced early-onset GBS infections
to about one-third. However, delayed-onset GBS infections have not decreased, and
because they are an important cause of meningitis, it iS necessary to review mea-
sures against GBS infections once again to prevent CP.

2 Neonatal Meningitis and the Pathogenesis
of Brain Damage

When a neonate develops meningitis, the pathogen reaches the brain-blood barrier
and is recognized by antigen-presenting cells by binding to Toll-like receptors
(TLRs). As a result, nuclear factor-kappa B (NF-kappa B) and mitogen-activated
protein kinase (MAPK) pathways are activated, followed by the expression of pro-
teins involved in the inflammatory response. Many brain cells produce cytokines,
chemokines, and other inflammatory molecules in response to bacterial stimuli.
Polymorphonuclear leukocytes accumulate in these cells and release superoxide
and nitric oxide, resulting in peroxynitrite production and oxidative stress. This cas-
cade leads to lipid peroxidation, mitochondrial damage, and disruption of the blood-
brain barrier, resulting in cellular damage [3].

3 A Case in Which the Main Cause of Cerebral Palsy
Was Considered to Be Group B Streptococcal Infection [4]

Among the 43 cases in which the main cause of CP onset was considered to be GBS
infection, 18 cases had early-onset GBS infection and 25 cases had late-onset GBS
infection. Table 1 shows the status of GBS screening by mode of delivery, its results,
and antimicrobial administration in early-onset and late-onset GBS infections.
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Table 1 Group B streptococcus (GBS) screening practices and antimicrobial administration
during pregnancy (Modified from Ref. [4])

Early-onset GBS Delayed-onset GBS
infection (18) infection (25)
Vaginal Caesarean Vaginal Caesarean
delivery section delivery section
Number of cases (%) Number of cases (%)
Screening available 18 (100) 0 (zero) 18 (72) 5(20)
Positive 5*(27.8) |- 5(20) 1(4)
(With antibiotics®) 0(0) - 4 (16) 0(0)
Negative 13¢(72.2) |- 13 (52) 4 (16)
(With antimicrobial therapy) Within 9 (50) - 10 (40) 2 (8)
5 weeks from last screening to delivery
of baby
Unscreened 0(0) 0(0) 0(0) 24(8)

2 Of the 5 cases of early-onset GBS infection with positive GBS screening, four were negative after
the second or subsequent screening, and one was delivered within 20 min of admission

b “With antimicrobial agents” refers only to those administered in the manner recommended for the
prevention of early-onset GBS infection in the Obstetrics and Gynecology Clinical Practice
Guidelines, Obstetrics Edition 2020, and excludes those administered for impending preterm labor
or preterm water breaking

¢ Of the 13 cases of early-onset GBS infection with negative screening, there were 4 cases of full-
term birth that were more than 6 weeks after negative screening

4Two cases of late-onset GBS infection without screening were cases of scheduled cesarean section

4 Early-Onset Group B Streptococcal Infection

Among the cases in which the main cause of CP was considered to be early-onset
GBS infection, there were four cases of full-term births in which more than 6 weeks
had passed since the GBS screening was negative. According to “Guidelines for
Obstetrics and Gynecology 2020,” the timing of GBS culture test, incorrect speci-
men collection method (especially, the specimen should be collected by inserting
the swab into the anus after wiping the area around the vaginal entrance with the
swab), selection of culture medium, and culture method are related to the prevention
of GBS infection. The CQ 603 is cited in part below.

However, even if the infant is screened appropriately and the result is negative for
GBS, the newborn should be observed with consideration that early-onset GBS
infection can still occur. If any of the symptoms or risk factors listed in Table 2 are
observed, blood count, CRP, X-ray, urine, and other tests should be performed.
Antimicrobial therapy should be initiated based on a comprehensive evaluation of
the test results. Since meningitis may occur in neonates from the early stage of the
disease, a spinal fluid test should be performed if it is suspected. If respiratory dis-
tress is observed in a neonate undergoing follow-up at a delivery institution, it
should be noted that even if the results of GBS screening during pregnancy are
negative, it does not mean that the neonate will not develop early-onset GBS infec-
tion and that neonates often present with respiratory distress as one of the systemic
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Table 2 Symptoms and risk factors seen in neonatal infections (Modified from Ref. [1])

Symptoms seen in neonatal
infections

Not doing well

Poor skin color

Poor suckling performance

Apnea

Unstable body temperature (fever, hypothermia)
Abdominal distention, vomiting

Jaundice

Irritability

Risk factors for neonatal infections | ¢ Premature rupture of membrane (more than 18 or 24 h)
Premature rupture of membrane of preterm delivery

symptoms of non-respiratory diseases. In addition, neonates often present with
respiratory distress as one of the systemic symptoms of non-respiratory diseases, so
it is necessary to observe the development of symptoms and the presence or absence
of symptoms suspected of neonatal infection, such as fever, hypothermia, and poor
skin color, and to understand the general condition of the infant to differentiate it
from respiratory diseases.

5 CQ603 How Can We Prevent Early-Onset Group B
Streptococcus (GBS) Infection in Full-Term Neonates?

5.1 Answer

1. Confirm the presence of GBS by the following methods.

(a) GBS culture test at 35-37 weeks of pregnancy (B).

(b) Specimens should be collected from the entrance of the vagina and anus (C).
(A) Intravenous penicillin and other antimicrobial agents to prevent infection

of the newborn during vaginal delivery or after the premature rupture of the

membrane in pregnant women with the following conditions (B).

(a) GBS identified in Answer 1.
(b) The older infant has GBS infection.
(c) GBS detected in urine culture during this pregnancy.
(d) Patients with unknown GBS status, 18 h or more have passed since the water
broke, or have fever of 38.0° or higher.
(Reprinted from [5])

6 Delayed-Onset Group B Streptococcal Infection

Delayed-onset GBS infections that occur after 7 days of age are more likely to occur
at home or elsewhere after hospital discharge. In a report by Berardi et al. on 100
cases of late-onset GBS infection, 57 were diagnosed as sepsis and 36 as meningitis;
15 had severe brain lesions at discharge, 14 of which were complicated by
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Table 3 25 eligible cases that led to cerebral palsy (CP) (Created based on Ref. [4])

Cases Number of cases (%)
Poor feeding (poor swallowing, no feeding) 14 (56)

Lack of vitality (lack of energy, no crying, limp, sleeping) 11 (44)

Fever (body temperature 38.0 °C or higher, feeling of 9 (36)

warmth)

Grumpy (bad mood, won’t stop crying) 6 (24)

Poor complexion and skin color (pallor, flushing) 5 (20)

Vomiting 4(16)

Change in respiratory status (grunting, sputum-like breathing) | 4 (16)

Convulsions (twitching, staring) 2(8)

meningitis. Of these, 14 were complicated by meningitis. In other words, 14% of
late-onset GBS infections may cause brain damage, and it is important to take mea-
sures against late-onset GBS infections to prevent CP.

Among the 2457 cases for which causal analysis reports were sent to parents of
infants with CP and delivery institutions by the end of September 2019, 43 cases
were determined that the main cause of CP was GBS infection, and among them, 25
cases were diagnosed as delayed-onset GBS infection [4]. Delayed-onset GBS
infection develops as septicemia and meningitis, and the most common symptoms
are fever, feeding difficulties, and convulsions [1].

There is no established method for prevention of delayed-onset GBS infection,
and its clinical symptoms are nonspecific, so it is important to understand the vague
symptoms of “somewhat listlessness.” For this reason, it is desirable to provide
health guidance to parents at the time of discharge from the hospital and at the time
of post-discharge checkups, so that they will immediately consult with medical
institutions if they feel “somewhat listless.” In addition, when the guardians are
consulted about the complaint that the child is “somewhat listless,” it is necessary to
immediately recommend that the guardians visit a medical institution for a thorough
examination. Table 3 shows the results of a detailed analysis of 25 cases that later
led to CP.

7 Future Challenges in Delayed-Onset Group B
Streptococcal Infections

As mentioned earlier, antimicrobial administration during delivery reduced early-
onset GBS infections, but Berardi et al. [6] reported that acquired GBS infections
were 0.32 per 1000 newborns, almost unchanged from the value before antimicro-
bial administration during delivery, 0.35 per 1000. Inode et al. [7] reported that
maternal carriage of GBS was maintained in half of the cases even after maternal
antimicrobial administration. Since the incidence of GBS infection is higher in pre-
term infants (1.4 per 1000 live births) compared with full-term infants (0.24 per
1000 live births) [6], it is necessary to consider the possibility of late-onset GBS
infection in preterm infants with nonspecific symptoms.
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The route of infection is an issue to be addressed. Previous case reports have
identified breast milk as one of the routes of transmission of delayed-onset GBS
infection [8—13]. In the report by Berardi et al. breast milk samples were collected
from 44 of 45 lactating women whose infants were diagnosed as GBS infections,
and 11 of the samples were positive for GBS. Bacterial counts were performed on 6
samples, and 3 samples obtained from women with mastitis were above
1000,000 CFU/mL, and the remaining 3 samples were below 100,000 CFU/mL. In
Japan, there have been many case reports in which breast milk was considered to be
the cause of delayed GBS infection, and repeated infections have been observed
[14]. In addition, Filleron et al. [15] reported that 18 of 21 reported cases of delayed
GBS infection suspected to be caused by breast milk were GBS type III, but it is
unclear how many mothers’ breast milk detects GBS type III. Furthermore, the
mechanism by which GBS is transferred to breast milk has not been clarified,
although it has been suggested that GBS may be present in the mother’s milk ducts
or transferred to milk from the intestinal microflora.

8 Prevention: Delayed-Onset Group B
Streptococcal Infection

As can be seen from Table 3, delayed GBS infection occurs even if the GBS screen-
ing test in the second half of pregnancy is negative, so it might be argued if the
culture test of breast milk of all mothers is performed. If the GBS positive rate in
breast milk is much higher than the incidence of late-onset GBS infection (0.32 out
of 1000), there must be some mechanism that prevents late-onset GBS infection,
even if GBS is detected in breast milk. In addition, in full-term infants who are
diagnosed as late-onset GBS infection, breastfeeding may be stopped and be
changed to formula feed, but in special circumstances, breastfeeding may be contin-
ued while pasteurization of breast milk is performed [16].

What to do about breastfeeding when a diagnosis of delayed GBS infection is
made will have to be discussed in the future. In any case, it is important to suspect
GBS infection at an early stage based on the child’s symptoms and to provide treat-
ment as soon as possible.
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Summary

» Birth asphyxia is a condition caused by impaired gas exchange in the pla-
centa before and during delivery, or in the newborn’s lungs after delivery.

» Birth asphyxia is a major cause of cerebral palsy.

* Hypoxic-ischemic encephalopathy is a severe brain injury that occurs sec-
ondary to birth asphyxia. Spatial patterns of brain injury depend on several
factors, such as the degree and duration of hypoxia and ischemia.

* In mature infants, severe but transient hypoxic-ischemic events cause basal
ganglia and thalamic injuries, leading to athetoid cerebral palsy. By con-
trast, mild but prolonged hypoxic-ischemic events cause cortical and sub-
cortical white matter injury, leading to upper limb-dominant spastic
diplegia.

* Appropriate delivery management and neonatal resuscitation are important
to prevent hypoxic-ischemic encephalopathy arising from birth asphyxia.
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1 Underlying Disease (Concept of Perinatal Complications)

Birth asphyxia is a condition in which the respiratory and circulatory transition
from the intrauterine to the extrauterine environment is disturbed. Birth asphyxia
was classically defined based on the Apgar score. Recently, however, the definition
of birth asphyxia is considered to be neonatal hypoxia caused by impaired gas
exchange in the placenta before and during delivery, or in the newborn’s lungs after
delivery. In approximately 90% of all cases, birth asphyxia arises secondary to fetal
distress before or during delivery [1]. These factors include maternal shock, preterm
labor, placental abruption, uterine rupture, fetomaternal transfusion syndrome, fetal
growth restriction, placenta previa, abnormal fetal position, cephalopelvic dispro-
portion, cord prolapse, and cord compression. By contrast, risk factors for postnatal
birth asphyxia without fetal distress include congenital anomalies, congenital dia-
phragmatic hernia, severe respiratory failure, total anomalous pulmonary venous
return, and congenital neuromuscular disease. Birth asphyxia causes hypoxic-
ischemic injuries to organs, including hypoxic-ischemic encephalopathy (HIE).

2 Pathophysiology Associated with Cerebral Palsy

When the fetus or neonate is hypoxic, bradycardia may occur; however, cerebral
blood flow is maintained by lowering cerebral vascular resistance. However, when
hypoxia is severe or prolonged, cerebral blood flow is reduced, resulting in isch-
emia. As a result, anaerobic metabolism increases due to decreased oxygen supply,
leading to a reduction in ATP production at the cellular level [2]. In most severe
cases, when the membrane potential cannot be maintained due to the lack of ATP,
ischemic depolarization occurs, leading to impaired active transport of virtually all
substances indispensable to maintain homeostasis. Next, glutamate, an excitatory
neurotransmitter, is released from the axon terminals. Excessive glutamate binding
to N-methyl-D-aspartate (NMDA) receptors in neurons allows the entry of Ca**
ions into the postsynaptic neuron, causing damage to the mitochondria and endo-
plasmic reticulum [3]. Furthermore, activation of nitric oxide synthase releases free
radicals, leading to cell apoptosis and irreversible cell injury [4]. Subsequently, free
radicals and inflammatory cytokines are generated by postischemic reperfusion, and
irreversible damage spreads to the entire brain [5].

In HIE, neuronal death or tissue necrosis in specific regions of the brain occur
alone or in combination, depending on the degree and duration of hypoxia and isch-
emia. HIE in mature infants can be classified into two major types based on the
spatial patterns of brain injury on magnetic resonance imaging (MRI) [6]. One type
is basal ganglia and thalamic injury. The other type is watershed injury, which is
characterized by cortical and subcortical white matter injuries.
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Fig.1 Head MRI image of an infant with basal ganglia and thalamic injury. This is a day 10 post-
birth head MRI image of an infant born at 39 weeks of gestation. Apgar scores at 1 and 5 min were
1 and 2, respectively. On admission, the blood pH was 7.00, and the base excess was
—26.6 mmol/L. T1-weighted images show hyperintensity of the bilateral caudate nuclei, the lateral
part of the putamen, and the thalamus (white arrows). T1-weighted images also show hypointen-
sity of the posterior limb of the internal capsule (white arrowheads). (a) T1-weighted image. (b)
T2-weighted image

Basal ganglia and thalamic injury (Fig. 1) is caused by a brief (less than 10 min)
but rapid and very intense hypoxic-ischemic event called total (profound) asphyxia
[7, 8], such as placental abruption, uterine rupture, or umbilical cord prolapse. The
basal ganglia, thalamus, and brainstem are vulnerable to injury, because of their
high oxygen and energy demands during the neonatal period.

However, extremely intense hypoxic-ischemic events lasting longer than 10 min
can cause extensive damage to the cortex, white matter, basal ganglia, and thalamus
(Fig. 2). This type of injury is called total brain injury [9].

Watershed injury is caused by a relatively mild but prolonged (>30 min) hypoxic-
ischemic event called prolonged partial asphyxia [7]. In this type of injury, ischemia
occurs at the border zones in the terminal fields of the anterior, middle, and posterior
cerebral arteries (watershed areas), while cerebral blood flow is redistributed to the
brainstem and basal ganglia (Fig. 3). This type of injury is also called “border-zone
injury” or “parasagittal cerebral injury” because of their lesions [10].

In preterm infants born after less than 32 weeks of gestation, hypoxic-ischemic
injury to the periventricular white matter often results in periventricular leukomala-
cia (PVL); see “Intraventricular hemorrhage and periventricular leukomalacia”
for PVL.
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Fig.2 Head MRIimage of an infant with basal ganglia and thalamic injury with extensive cortical
and white matter damage. This is a day 12 post-birth head MRI image of an infant born at 39 weeks
of gestation with an unknown Apgar score. T1-weighted images show hyperintensity of the bilat-
eral caudate nuclei, putamen, and thalamus (white arrows). T2-weighted images show hypointen-
sity of these lesions (black arrows). T1-weighted images show hypointensity of the extensive
cortex and white matter (white arrowheads). T2-weighted images show hyperintensity of these
lesions (black arrowheads). (a) T1-weighted image. (b) T2-weighted image

Fig. 3 Head MRI image of an infant with watershed injury. This is a day 12 post-birth head MRI
image of an infant born by forceps delivery at 40 weeks of gestation. The Apgar scores at 1 and
5 min were 5 and 8, respectively. T2-weighted image shows hyperintensity of the bilateral water-
shed area with occipital predominance (black arrows). (a) T1-weighted image. (b) T2-weighted image
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3 Current Status of Underlying Diseases in Cerebral Palsy

According to the “Survey Report on Understanding the Actual Condition of Children
with Cerebral Palsy” reported by the Japan Council for Quality Health Care in 2018,
birth asphyxia was present in 50%, and HIE was observed in 18% of cases with
cerebral palsy [11]. Birth asphyxia and HIE are the most common causes of cerebral
palsy. According to a report that examined head MRI findings, basal ganglia and
thalamic injuries were found in 13% of cases with cerebral palsy, and watershed
injuries were found in 3% of cases [12]. In general, cases with basal ganglia and
thalamic injury have a more severe clinical presentation at birth than those with
watershed injury, and the outcome for subsequent motor development is poorer [6].
In basal ganglia and thalamic injury, the motor centers and pathways of the extrapy-
ramidal tract are injured, resulting in athetoid cerebral palsy, characterized by fluc-
tuating muscle tone, postural instability, and involuntary movements. In this type of
HIE, abnormal signal intensities in the posterior limb of the internal capsule (PLIC)
on MRI are associated with neurodevelopmental outcomes, including cerebral
palsy. Under normal conditions, PLIC, where bundles of myelinated axons pass,
shows high signal on T1-weighted images and low signal on T2-weighted images.
If the signal of PLIC is lost on T1-weighted images in association with basal ganglia
and thalamic injury, more than 70% of infants may develop cerebral palsy [13]. By
contrast, in watershed injury, intelligence and language impairment are the main
symptoms [14], but upper limb-dominant spastic paraplegia may also occur [15].

4 Towards Prevention

4.1 Delivery Management

As noted in the introduction, in approximately 90% of all cases, birth asphyxia
arises secondary to fetal distress before or during delivery [1]. Fetal hypoxia pres-
ents as abnormal fetal heart rate on monitoring. As of January 2022, the Perinatal
Committee of the Japan Society of Obstetrics and Gynecology proposed a classifi-
cation of fetal heart rate patterns and recommended responses and procedures based
on the classification [16]. For details, please refer to the references [16]. Fetal heart
rate patterns were classified into five levels based on the combination of the heart
rate at baseline, type of deceleration, and baseline variability. Rapid delivery, such
as vacuum or forceps delivery, and emergency cesarean section are recommended
for levels 4 and 5. It is desirable for medical staff involved in the delivery to accu-
rately judge the timing of rapid delivery based on fetal heart rate monitoring.
Additionally, it is necessary to prepare for neonatal resuscitation before delivery in
cases of birth asphyxia.
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4.2 Neonatal Resuscitation

As mentioned above, birth asphyxia can occur even in cases without fetal distress.
In Japan, relatively more infants are born at small birth centers than in Europe and
the United States. In most cases wherein fetal abnormalities are not detected before
delivery, pediatricians usually do not attend delivery procedures. It is necessary that
not only pediatricians but also obstetricians, midwives, and other staff involved in
the delivery should be able to perform standardized resuscitation based on neonatal
cardiopulmonary resuscitation (NCPR).

The Japan Society of Perinatal and Neonatal Medicine has developed the
“Japanese NCPR Guidelines and Resuscitation Algorithm™ and is conducting a
nationwide training program [17]. After birth, if there is no spontaneous breathing
or the heart rate of the newborn is less than 100 beats per minute (bpm), positive
pressure ventilation should be started within 60 s at the latest according to the NCPR
algorithm. If the heart rate is less than 60 bpm even with effective ventilation, chest
compressions in conjunction with ventilation are required. If the heart rate persists
at less than 60 bpm even with resuscitation, adrenaline administration should be
considered. For more information, see references [17].

Acknowledgments We thank Dr. Mari Sugimoto, Department of Pediatrics, Toyohashi Municipal
Hospital, for providing the head MRI images.
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Summary

e Prematurity is a term commonly used to describe preterm infants born at
less than 37 weeks of age. Preterm infants are born in the middle of the
organ maturation process and are therefore “immature.” Premature infants
have many difficulties adapting to the extrauterine environment and suffer
from various complications. Cerebral palsy is one such condition. The risk
of cerebral palsy increases as the gestational weeks progress and the birth
weight decreases; therefore, immaturity is a risk factor for cerebral palsy.

* Understanding the characteristics of preterm infants and managing them in
a way that prevents hypoxemia, blood pressure fluctuations, and infections
will help prevent cerebral palsy.
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1 Prematurity as a Risk Factor for Cerebral Palsy

The etiology of cerebral palsy is multifactorial. According to UpToDate, the most
common reasons for cerebral palsy are prematurity (78%), intrauterine growth
restriction (34%), intrauterine infection (28%), maternal hemorrhage before deliv-
ery (27%), severe placental pathology such as placental abruption or placenta previa
(21%), and multiple births (20%). Considering that background factors other than
prematurity can also be linked to preterm birth, premature infants are therefore at a
higher risk of cerebral palsy.

Prematurity is a term used to describe preterm births occurring at less than
37 weeks of age. Preterm infants are born during the organ maturation process and
often have difficulties adapting to the extrauterine environment. Therefore, they suf-
fer from various complications, including cerebral palsy. In previous reports on the
incidence of prematurity and cerebral palsy, many have included low-birth-weight
infants in the definition of the term “prematurity,” probably because in some coun-
tries the birth weight may be a more objective indicator than gestational weeks
at birth.

2 Report on Prematurity and Cerebral Palsy

As is well-known, the risk of cerebral palsy increases with decreasing weeks of
gestation and birth weight. In Japan, Kono et al. [1] reported on the prevalence of
cerebral palsy at gestational weeks and birth weight (Table 1).

In this section, “prematurity” is defined as preterm birth or low birth weight. The
most frequently cited English-written articles on prematurity and risk of cerebral
palsy reported since 2013 are shown in Table 2.

Table 1 Prevalence of cerebral palsy in 3-year-olds born at various weeks of gestation and with
different birth weights (created based on ref. [1, 2])

By gestational weeks [1]

Gestational

weeks 22 weeks |23 weeks | 24 weeks |25 weeks 26 weeks 27 weeks
Prevalence % 20% 16% 11% 12% 9% 9%

(CP/no CP) (28/110) | (100/507) | (108/895) |(157/1111) |(143/1422) |(162/1572)
By birth weight [2]

Birth weight <1000 g 1000 ~ 1500 g

Prevalence % 9.2% (885/9608) 4.8% (574/11,938)
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Table 2 Most frequently cited reports on immaturity and risk of cerebral palsy

Ishii et al. | They compared the neurological outcomes of | 22 weeks gestation = 21.7%,
[3] (2013) |22- to 23-week preterm infants born between | 23 weeks gestation = 17.8%,
January 1, 2003, and December 31, 2005, in 24 weeks gestation = 8.1%,
Japan at 22-25 weeks of gestation with those | 25 weeks gestation = 15.0%
of other weeks at 3-3.5 years of age. (Cohort
study)
Oskoui They conducted a systematic review and Less than 28 weeks
etal. [4] meta-analysis of 49 studies (1985-2011) to gestation = 111.80/1000
examine the association between the After 36 weeks
prevalence of cerebral palsy and weeks of live | gestation = 1.35/1000
birth and birth weight. (Cohort study) Less than 1000 g = 56.64/1000
1000-1499 g = 59.18/1000
1500-2499 g = 10.17/1000
2500 g or more = 1.33/1000
Marke They investigated the association between 24-26 weeks gestation = 7.3%
etal. [5] neurological outcome at 8 years of age and the | 27-28 weeks gestation = 4.6%
(2013) number of weeks of gestational age in preterm | 29—30 weeks gestation = 3.4%
infants born at less than 33 weeks of age in 31-32 weeks gestation = 2.0%
France in 1997-1998. (Cohort study)
Synnes They studied the neurological outcome at 21 | Less than 23 weeks
et al. [6] modified weeks in preterm infants born at less | gestation = 13.1%
(2016) than 29 weeks between 2009 and 2011 in 28 | 24 weeks gestation = 12.2%
Canadian neonatal intensive care units. 25 weeks gestation = 8.4%
(Cohort study) 26 weeks gestation = 6.7%
27 weeks gestation = 4.0%
28 weeks gestation = 4.8%
Serenius | They examined the neurological outcome at Less than 27 weeks
etal. [7] 2.5 years of corrected age in preterm infants gestation = 7.0%
(2016) born at less than 27 weeks of gestation in
Sweden between April 1, 2004, and March 31,
2007. (Cohort study)
Pierrat They investigated the neurological outcome at | 24-26 weeks gestation = 6.9%
etal. [8] 2 years of corrected age in preterm infants 27-31 weeks gestation = 4.3%
(2017) born at less than 34 weeks’ gestation in France | 32-34 weeks gestation = 1.0%
in 2011. (Cohort study)
Kono et al. | They researched the neurological prognosis of | ¢ 2003-2007: 22 weeks
[9] (2018) | preterm infants born at 22—-24 weeks of age in | gestation = 24.4%, 23 weeks

Japan between 2003 and 2007 and between
2008 and 2012. (Retrospective study)

gestation = 24.4%, 24 weeks
gestation = 11.8%

e 2008-2012: 22 weeks
gestation = 13.3%, 23 weeks
gestation = 9.8%, 24 weeks
gestation = 8.7%
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3 Type of Cerebral Palsy

Cerebral palsy is mainly classified as spastic (spastic paraplegia, hemiplegia, and
quadriplegia), dyskinetic (including dystonia and athetosis), and ataxic.

Spastic paraplegia is caused by periventricular leukomalacia (PVL), which is
often observed in preterm infants. Severe hyperbilirubinemia and hypoxemia are the
major causes of dyskinetic cerebral palsy.

In contrast, spastic hemiplegia is more common in full-term neonatal stroke and
fetal blood flow disorders, and spastic quadriplegia is more common in full-term
small-for-gestational-age infants owing to intrauterine infections or fetal growth
restriction. Ataxic paralysis occurs in infants with cerebellar hypoplasia, but the
cause is often unknown.

4 Pathogenesis of Prematurity

When prematurity is associated with cerebral palsy other than PVL and intraven-
tricular hemorrhage, the pathogenesis is assumed to be complex.

4.1 Immaturity of the Central Nervous System

Compared with full-term infants, preterm infants have less blood flow to the cere-
bral white matter. In addition, the autoregulation of cerebral blood flow is immature.
Therefore, the brain of preterm infants is prone to ischemia.

4.2 Immaturity of Respiration

Although many preterm infants require ventilator management owing to respiratory
immaturity, the effects of medical procedures such as ventilators (e.g., hypocapnia
due to hyperventilation) and those of bronchopulmonary dysplasia have been
described as risk factors for cerebral palsy.

4.3 Immaturity of Circulatory Dynamics

It is presumed that preterm infants have more episodes of cerebral ischemia associ-
ated with blood pressure fluctuations than full-term infants because of circulatory
instability such as patent ductus arteriosus (PDA), late-onset circulatory collapse,
and sepsis.
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4.4 Immaturity of the Gastrointestinal Tract
and Liver Function

Delayed enteral feeding, increased enterohepatic circulation, and decreased biliru-
bin excretion associated with immature liver function are possible causes.

4.5 Other Causes

Surgery owing to PDA or gastrointestinal perforation, postnatal steroid administra-
tion, sepsis, and hypoglycemia may contribute to cerebral palsy associated with
immaturity.

5 Prevention

Appropriate management of premature delivery can reduce the risk of preterm
labor. The Guidelines of the Japan Society of Obstetrics and Gynecology, Obstetrics
Edition 2020 [10], states tocolytic agents and maternal steroids for the management
of impending preterm labor.

Magnesium sulfate has been reported to be effective not only in inhibiting uter-
ine contractions but also in protecting the fetal brain. The World Health Organization
(WHO) and other organizations recommend its administration to pregnant women
who are expected to have a preterm birth at less than 32 weeks gestation. In contrast,
there is a lack of evidence that long-term use of ritodrine hydrochloride improves
the neurological prognosis of infants. There is also a report that oral ritodrine hydro-
chloride administration increases the risk of CP associated with placental abruption
[11]. Maternal steroid administration has been associated with improved pulmonary
maturation and neurodevelopmental prognosis in infants.

After birth, high-quality systemic management that maintains cerebral blood
flow and avoids hypoxemia, hypotension, and infection, while attempting to under-
stand the characteristics of prematurity in preterm infants, will help prevent cerebral
palsy associated with prematurity.
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Summary

* Intracranial hemorrhage (ICH) is estimated to occur in full-term infants
with a frequency of 4.9/10,000 live births. In full-term infants, most of ICH
are subdural hemorrhage. The incidence of intraventricular hemorrhage
(IVH) in full-term infants is as low as 0.2%. On the other hand, in preterm
infants, the incidence of IVH is 12.3% according to Neonatal Research
Network Japan (August 2020). Especially, the incidence is high in very
preterm infants of 24-27 weeks’ gestation.

e Periventricular leukomalacia (PVL) is an ischemic necrotic lesion of cere-
bral white matter. The incidence of PVL is 3.0% in extremely low-birth-
weight infants according to Neonatal Research Network Japan (August
2020), with a peak incidence in preterm infants of 25-29 weeks’ gestation.
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1 Intracranial Hemorrhage/Intraventricular Hemorrhage

1.1 Pathophysiology

Intracranial hemorrhage (ICH) in full-term infants causes birth trauma, hemor-
rhagic infarction, coagulation abnormalities (including complications of extracor-
poreal circulation therapy), vascular malformations, neoplastic lesions, and
infections. The sites of hemorrhage are choroid plexus (35%), thalamus (24%), ger-
minal matrix (17%), parenchymal hemorrhage (14%), and unknown (10%).

In preterm infants, the blood vessels and connective tissue of the germinal matrix
are fragile. The cerebral veins are also immature, delicate, and tortuous. Therefore,
they are unable to compensate for the changes in cerebral circulation caused by
changes in the systemic circulation, and the germinal matrix and thalamic striatal
veins are easily destructed, resulting in intraventricular hemorrhage (IVH) and
parenchymal hemorrhage. The systemic circulatory is fluctuated by acidosis, rapid
administration of bicarbonate, pneumothorax, tracheal aspiration, neonatal seizures,
and excessive handling.

Papile’s classification by CT [1] and Volpe’s classification by ultrasound [2] are
used to classify the severity of IVH. Grade I1I and IV are severe IVH (Table 1).

1.2 Prognosis and Prevention

In Grade III/TV IVH, about 70% of infants develop posthemorrhagic hydrocephalus,
and about 30% of infants are necessary for ventriculoperitoneal (VP) shunt. On the
other hand, about 7% of infants with Grade I/II develop ventricular dilation, but
only about 1% of infants are eligible for shunting [2].

Prevention of ICH in full-term infants is nothing less than prevention of birth
trauma. In preterm infants, prevention of IVH includes avoiding preterm birth,

Table 1 Classification of intraventricular hemorrhage

Papile’s classification (by CT scan)

Grade [ Subependymal hemorrhage

Grade I1 Intraventricular hemorrhage without ventricular dilation

Grade 111 Intraventricular hemorrhage with ventricular dilation

Grade IV Intraventricular hemorrhage with parenchymal hemorrhage

Classification of Volpe (by ultrasonography)

Grade 1 Germinal matrix hemorrhage with no or minimal intraventricular hemorrhage
(<10% of ventricular area on parasagittal view)

Grade II Intraventricular hemorrhage (10-50% of ventricular area on parasagittal view)

Grade 111 Intraventricular hemorrhage (>50% of ventricular area on parasagittal view,

usually distends lateral ventricle)
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maternal transport (to avoid preterm birth in a not-perinatal center), prenatal mater-
nal steroids, and delayed clamping of umbilical cord/umbilical cord milking. The
risk of IVH decreases by 3.5% for each additional week of gestation by 32 weeks of
gestation, In Japan, Grade IV IVH is remarkably common in infants born at the not-
perinatal center at 23 weeks or less. Prenatal maternal steroid administration pro-
motes fetal lung maturation and blood pressure elevation and stabilizes postnatal
cerebral circulation. Delayed clamping of the umbilical cord and umbilical cord
milking also reduce IVH. After birth, cerebral blood flow is affected not only by
cardiac function but also by fluctuations in body temperature, inadequate ventilator
care, and flighting in ventilator care. These factors may be seen as waveform varia-
tions on cerebral arterial Doppler ultrasound. Recently, catecholamines and vasodi-
lators have been administered to evaluate the stress-velocity relationship, and
fluctuations in the internal cerebral veins have been used as an index of increased
venous pressure.

2 Periventricular Leukomalacia

2.1 Pathophysiology

Periventricular leukomalacia (PVL) is cell necrosis due to ischemia and inflamma-
tion and can occur both in utero and extra-utero (after birth). The causes of ischemia
include premature placental abruption, placental insufficiency, asphyxia, twin-to-
twin transfusion syndrome, hypotension, patent ductus arteriosus, and late circula-
tory collapse, while the causes of inflammation include chorioamnionitis, sepsis,
and necrotizing enterocolitis. At the site of cellular necrosis in the white matter,
microglia first infiltrate and become activated. Necrotic axons become swollen,
astrocytes appear around 1 week, neovascularization begins, the center of the
necrotic lesion gradually melts, and a cavity is formed around 2 weeks.

The characteristics of very preterm infants include (1) active myelination by oli-
godendrocytes around the ventricles, which may lead to myelination failure due to
damage by inflammation, and (2) timing of injury coincides with axonal outgrowth,
resulting in diffuse axonal degeneration with spongiform lesions and diffuse white
matter volume loss. The MRI lesions seen in very preterm infants vary from punc-
tate white matter lesions to cystic lesions, ventricular enlargement, and decreasing
of white matter volume. Kidokoro et al. published cystic lesions were found in 7%
and non-cystic lesions in 21% of infants less than 30 weeks of age, and 39% of
infants had abnormal findings on MRI, including ventricular dilation and white mat-
ter volume loss [3].
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2.2 Prognosis and Prevention

Because of the presence of corticospinal tracts around the ventricles, spastic paraly-
sis occurs. Yoshida also classified 51 cases of PVL among 91 autopsied infants into
four types based on the distribution of lesions: localized, extensive, diffuse, and
spongiform [4] (Table 2).

Prenatal maternal steroids have been shown to decrease the incidence of PVL in
infants 24 to 27 weeks of age, but no other circulatory management or anti-
inflammatory therapy has been shown to be effective in preventing PVL. Late circu-
latory collapse, recurrent bradycardia attacks, IVH, necrotizing enterocolitis, and
sepsis are a risk for PVL, so it is important to prevent or promptly treat these condi-
tions when they occur.

3 Intraventricular Hemorrhage, Periventricular
Leukomalacia, and Cerebral Palsy

IVH (Grade I/II) without white matter lesions has a relatively good prognosis
(Table 3) [2]. However, oligodendrocyte progenitor cells are abundant in the germi-
nal matrix, which is the site of hemorrhage, and their influence on future myelina-
tion is undeniable. Hemosiderin in the spinal fluid might be affected cerebellar
maturation. Infants requiring VP shunt have a slightly higher rate of cerebral palsy

Table 2 Distribution and characteristics of periventricular leukomalacia in pathological tissues

Type of The most common

lesion gestational age Characteristics of the clinical symptoms

Localized 25-40 weeks of

type gestation

Extensive 27-29 weeks of Bilateral paralysis including the lower extremities, the

type gestation upper extremities, and trunk
Visual cognitive deficits when the optic radiation is
involved

Diffuse type | Less than 26 weeks of | In addition to tetraplegia, mental retardation and
gestation cognitive impairment

Spongiform | Less than 26 weeks of | Nonspecific
gestation

Prepared based on reference [4]

Table 3 Long-term prognosis of intraventricular hemorrhage by grade

Severity Cerebral palsy, mental retardation, or both (%)
Grade I 15
Grade II 25
Grade III 50
Grade I+ Parenchymal hemorrhage 75
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(CP), and the prognosis is poor, with CP associated with parenchymal hemorrhage
in 39-80% of patients with unilateral lesions and around 90% of patients with bilat-
eral lesions [5].

In PVL, the rate of CP is high (about 60-70%), regardless of the severity of PVL
and the presence or absence of IVH; spastic paraplegia is the most common, fol-
lowed by ataxic paralysis and dyskinesia. It has also been reported that 39% of
infants with PVL have developmental delays and half of the infants with PVL have
learning disabilities. The incidence of visual impairment (7.9% vs. 24.6%), strabis-
mus (15.5% vs. 40%), learning disability (31.6% vs. 53.5%), and epilepsy (10.5%
vs. 31.6%) differs depending on whether the lesion is unilateral or bilateral [6]. In
any case, long-term medical care and follow-up are necessary.
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Summary

* Neonatal stroke is a part of the perinatal stroke and refers to cases diag-
nosed after birth to less than 28 days of age. Neonatal stroke is a syndrome
developing acute neurological impairment due to cerebral injury of vascu-
lar origins such as thrombus or embolus.

* Cerebral palsy caused by neonatal stroke is occurred by the damage of
neurons controlling muscle tone, posture, and/or movement appropriately.

o It is very important for the prevention of developing neonatal stroke and
reducing cerebral palsy or other neurological impairments by the disorder
to clarify the cause and to treat appropriately.
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1 Opverview of Neonatal Stroke

1.1 Definition

Neonatal stroke is considered under the umbrella of perinatal stroke diagnosed
between at birth and less than 28 days of age [1, 2]. Perinatal stroke is a syndrome
of acute neurological impairments caused by damage to the cerebral vasculature
due to arterial or cerebral venous thrombus or embolus between 20 weeks of gesta-
tion and less than 28 days of age after birth [2, 3].

1.2  Classification

Perinatal stroke is classified into six subtypes by the onset time and the mechanism
of cerebral vascular damage as follows [2, 3].

. Presumed arterial presumed perinatal ischemic stroke
. Periventricular venous infarction

. Presumed perinatal hemorrhagic stroke

. Neonatal arterial ischemic stroke (NAIS)

. Neonatal cerebral sinus venous thrombosis (CSVT)

. Neonatal hemorrhagic stroke (NHS)

Among these, NAIS, CSVT, and NHS are included in neonatal stroke: NAIS is
speculated to result from emboli from the placenta passing through the patent fora-
men ovale into the aorta. CSVT is occurred due to impaired venous flow of at least
one major cerebral sinus, and NHS is occurred due to an infarction related to the
intracranial hemorrhage.

AN AW =

1.3 Etiology

The incidence of NAIS ranges from 6 to 17 per 100,000 live births [1], with a higher
incidence of 7 per 1000 live births in preterm infants born at less than 34 weeks of
gestational age [4]; the incidence of CSVT and NHS has been reported to range
from 0.67 to 12 and 10.5 per 100,000 live births, respectively [5-7]. The actual
incidence of neonatal stroke is estimated to be higher than these reports because
some cases are asymptomatic.

1.4 Factors of the Development of Neonatal Stroke

Table 1 shows the main factors associated with the development of neonatal stroke.
They can be divided into two major categories: maternal/fetal factors and neonatal
factors. Many of these factors may contribute to the pathogenesis of NAIS, CSVT,
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Table 1 Factors associated with the development of neonatal stroke

Clinical factors Causes of developing neonatal stroke

Maternal and fetal factors Chorioamnionitis

Hypertensive disorders of pregnancy
Premature rupture of membranes >24 h
Non-reassuring fetal status

Fetal growth restriction

Twin-to-twin transfusion syndrome
Thrombophilias in pregnancy

Maternal autoimmune diseases
Maternal inborn errors of metabolism

Neonatal factors Male

Birth asphyxia

Hypoxic-ischemic encephalopathy
Birth injury

Hypoglycemia

Polycythemia

Dehydration

Meningitis

Disseminated intravascular coagulation
Congenital heart disease
Cerebrovascular anomalies

Iatrogenic factors Use of an extracorporeal membrane oxygenation

and the NHS. However, some of these factors are associated with the development
of specific subtypes, such as the use of extracorporeal membrane oxygenation is
associated with the development of NAIS and NHS, dehydration is associated with
CSVT, and cerebrovascular malformations are associated with NHS [3].

1.5 Clinical Characteristics

The typical clinical symptom of NAIS is a unilateral repetitive chronic seizure
occurring between 1 and 3 days after birth due to infarction of the left, right, or
bilateral middle cerebral artery [2]. The incidences of infarction in the left and right
hemispheres are 66% and 27%, respectively. The incidence of it in bilateral hemi-
spheres is only less than 10% [8].

Clinical symptoms of CSVT are seen within the first week of age. Seizures occur
in 60-70% of the patients, and the rest shows nonspecific symptoms. Therefore, the
diagnosis of CSVT is sometimes made incidentally on imaging studies performed
for reasons such as suspect of central nervous infections or preterm birth [2].

NHS shows a variety of clinical symptoms, such as partial or generalized seizure,
apnea, poor suckling, fever, and irritability [2].
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1.6 Treatment and Management

Prophylactic antithrombotic therapy is not recommended, because the risk of recur-
rence is very low in NAIS [2].

The use of anticoagulants for neonatal CSVT is controversial, because the risk of
recurrence is also low. However, the administration of anticoagulants such as low-
molecular-weighted heparin should be considered on a case-by-case basis [2, 3].

In infants with NHS, the main focus is on supportive care to prevent the spread
of bleeding.

When seizures are recognized due to NHS, anticonvulsants such as phenobarbi-
tal are used to treat them. However, this kind of medicine should be used for as short
a time as possible, because neonatal seizures are often transient and there are con-
cerns about the neurotoxic effects of anticonvulsants on the immature brains of
newborn infants.

If the causes of neonatal stroke are clarified and treatable, it is very important to
treat them concurrently.

2 Pathophysiology Associated with Cerebral Palsy

Neonatal stroke can cause a variety of neurological symptoms depending on the
degree and location of the infarction. Among these, cerebral palsy (CP) develops
when the infarction occurs in a central nervous system that is necessary for proper
maintenance of movement and posture.

3 Current Status of Neonatal Stroke in CP

Neonatal stroke is a major cause of spastic hemiplegia, one of the subtypes of CP. A
typical case is that a neonatal stroke is diagnosed on the basis of neurological imag-
ing performed to clarify the cause of the seizure and subsequently diagnosed as CP
based on the clinical symptoms.

However, there are some newborn infants in which a neonatal stroke is not diag-
nosed if they are asymptomatic during the neonatal period. In such cases, the pres-
ence of the infarction becomes apparent in infancy from symptoms such as
hemiplegia.

Regarding the relationship between infarction and CP, it was reported that 76 of
111 patients (68%) with perinatal arterial ischemic stroke developed CP [9]. In
another study based on differences in lesions of infarction, it was reported that all
patients with infarction of the main branch of the middle cerebral artery (MCA)
developed CP, whereas the incidence of the anterior, middle, and posterior MCA
strokes were 12%, 19%, and 21%, respectively [10]. This report indicates that the
incidence of CP differs depending on the infarction lesion even in the same blood
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vessel. It is also reported that some patients with infarction that were not diagnosed
as CP were associated with learning disabilities and/or epilepsy. Therefore, long-
term follow-up of such patients should be done.

4 Prevention and the Reduction of Incidence
in Neonatal Stroke

The clinical factors developing neonatal stroke listed in Table 1 occur with a certain
probability in newborn infants. Some of these factors are not preventable. However,
there are preventable factors such as neonatal hypoglycemia and dehydration by
careful management among of them.

For twin-to-twin transfusion syndrome, fetoscopic laser surgery of placental
anastomotic vessels is now being performed. In addition, guidelines have been
issued for the management of hereditary thrombophilia, such as deficiency of pro-
tein S or protein C, and autoimmune diseases, such as antiphospholipid antibody
syndrome, during pregnancy.

Although various factors contribute to the development of neonatal stroke, there
are also preventable and manageable factors among them. To prevent the onset of
neonatal stroke and to reduce the incidences of developing CP or other neurological
impairments induced by neonatal stroke, it is very important to clarify these factors
and to perform appropriate treatment.
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Summary

* In recent years, the association and prognosis of neonatal hypoglycemia
and neurological sequelae have been reported successively.

* The risk factors for neonatal hypoglycemia include maternal diabetes mel-
litus, late preterm, SGA, and LGA infants, and neonatal hypoglycemia is
thought to be particularly likely to damage the cerebral white matter.

» Regarding the relationship between neonatal hypoglycemia and neurologi-
cal sequelae, it has been reported that neurodevelopmental and literacy
deficits occur in mid-childhood, and the possibility of very long-term neu-
rodevelopmental complications must be considered.

* The interventional glucose threshold is controversial. Currently, blood glu-
cose should be kept at least 47 mg/dL (2.6 mmol/L).
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Hypoglycemia in neonates has been reported for a long time [1], and subsequently,
the association between neonatal hypoglycemia and neurological sequelae has been
reported successively.

In this section, we define neonatal hypoglycemia and discuss about its relation to
neurological disorders leading to cerebral palsy (CP).

1 What Is Neonatal Hypoglycemia?

Although specific uniform standards for neonatal hypoglycemia have not been
established, European and American societies [American Academy of Pediatrics
(AAP), Pediatric Endocrine Society (PES)] have issued guidelines for the manage-
ment of blood glucose over time using limited observational data (Table 1) [2, 3].

In 1988, Lucas et al. conducted a multicenter study of 661 preterm infants, defin-
ing neonatal hypoglycemia as less than 47 mg/dL (2.6 mmol/L), and discussed the
neurological prognosis with 47 mg/dL as the boundary [4]. This will be dis-
cussed later.

2 Risk Factors for Neonatal Hypoglycemia

Risk factors for neonatal hypoglycemia include maternal diabetes mellitus, late pre-
term infants, small-for-gestational-age (SGA) infants, and large-for-gestational-age
(LGA) infants. All of these factors are risk factors that should be considered for
postnatal hypoglycemia, and more severe hypoglycemia should be considered when
multiple factors are present (Fig. 1) [5].

In addition, the use of ritodrine hydrochloride has been cited as a risk of neonatal
hypoglycemia in the perinatal period that has recently been reported from Japan,
and the possibility of neonatal hypoglycemia must be kept in mind, especially with
the long-term use of ritodrine hydrochloride and its discontinuation immediately
before delivery [6].

Table 1 Criteria for neonatal hypoglycemia over time

Less than 4 h after birth <25-40 mg/dL (1.4-2.2 mmol/L)
From 4 h after birth to less than 24 h <35-45 mg/dL (1.9-2.5 mmol/L)
After 24 h and less than 48 h of age <45-50 mg/dL (2.5-2.8 mmol/L)
After 48 h of age <60 mg/dL (3.3 mmol/L)
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Maternal diabetic child
60/122
(49%)

<10" percentile
or £2,5009

>90" percentile
or 24,5009

40/71
(56%)

21/54
(39%)

Births between 35
and 37 weeks

48/82
(59%)

Fig.1 Risk factors for neonatal hypoglycemia and incidence of neonatal hypoglycemia (47 mg/dL)

3 The Mechanism of Neonatal Hypoglycemia Causing
Neurological Disorders

There are several theories on the mechanism by which neonatal hypoglycemia causes
neurological disorders. It has been reported that under hypoglycemic conditions,
excitatory neurotoxin is excessively secreted, stimulating N-methyl-D-aspartate
(NMDA )-type glutamate receptors and producing free radicals, which induce neuro-
nal apoptosis and alter brain energy metabolism [7, 8]. It is also reported to alter the
energy metabolism of the brain [7, 8].

In addition, Charlotte et al. [9] reported that the MRI of 35 children with neonatal
hypoglycemia showed white matter lesions in 94% of the children as a region sus-
ceptible to damage by neonatal hypoglycemia. In addition, 51% of the children had
cortical lesions and 40% had basal ganglia and thalamus lesions (Table 2) [7].

Thus, the reason for the high incidence of white matter lesions in neonatal hypo-
glycemia has been reported in animal models, in which a significant decrease in
cerebral blood flow was observed in the white matter due to an unbalanced redistri-
bution of cerebral blood flow in hypoglycemic conditions [10]. This vulnerability in
the white matter region of the brain is thought to be one of the reasons why neonates
are more susceptible to damage during hypoglycemia.
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Table 2 Sites of brain damage and their proportions in neonatal hypoglycemia

Proportion (%) among

Site of a lesion hypoglycemic children (35)
White matter Mild 5(14)

Moderate 13 (37)

Severe 15 (43)
Properties of white Bleeding 2(13)
matter lesions Infarction of the middle cerebral |3 (20)

artery territory

Wide area infarction 10 (67)
Leukemic lesion area | The whole area 13 (39)

Back of head 6 (18)

Forehead 0(0)

One side 2 (6)

Periventricular 12 (36)
Basal ganglia or thalamus 14 (40)
Endopod 4(11)
Cerebellum 2 (6)
Cerebral cortex 18 (51)
Brain stem 2(6)

4 The Association Between Neonatal Hypoglycemia
and Cerebral Palsy

The relationship between neonatal hypoglycemia and neurological sequelae has
been reported since the 1960s [11], and in 1988, Lucas et al. investigated neonatal
hypoglycemia of less than 47 mg/dL (2.6 mmol/L) and the number of days of onset
in 661 preterm infants (weight less than 1850 g). The longer the number of days of
hypoglycemia, the worse the neurological prognosis at 18 months of correction [4].

In 1999, hypoglycemia of less than 47 mg/dL (2.6 mmol/L) occurred in 72.9%
of 85 SGA children, and children with two or more episodes of hypoglycemia had
significantly lower psychomotor development at 3.5 and 5 years of age than those
with a single episode of hypoglycemia [12].

In a 2019 systematic review meta-analysis, neonatal hypoglycemia did not
worsen neurodevelopmental outcomes in early childhood [#n = 1657, odds ratio
(OR) 1.16 [95% confidence interval (95% CI): 0.86—1.57]], but it did cause visuo-
motor dysfunction [ = 508, OR 3.46 (95% CI: 1.13—-10.57)], visuomotor impair-
ment [n = 508, OR 3.46 (95% CI: 1.13—10.57)], and executive function impairment
[n =463, OR 2.50 (95% CI: 1.20-5.22)]. In mid-childhood, neurodevelopmental
deficits [n = 54, OR 3.62 (95% CI: 1.05-12.42)] and literacy deficits [n = 1395, OR
2.04 (95% CI: 1.20-3.47)] were observed. However, developmental assessment in
adolescence has not yet been performed [13]. Based on these results, the possibility
that neonatal hypoglycemia may lead to very long-term neurodevelopmental com-
plications must be considered.
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With regard to the hypoglycemic threshold for neurological impairment, a neu-
rological outcomes cohort study was reported in 2015 in The New England Journal
of Medicine (NEJM), in which blood glucose was kept at 47 mg/dL (2.6 mmol/L).
A total of 404 hypoglycemic risk children [born <37 weeks, low birth weight (<10th
percentile or <2500 g), high birth weight (>90th percentile or >4500 g)] were inter-
mittently followed for blood glucose until 7 days after birth. Of these, 216 (53%)
had hypoglycemia and were treated with additional feeding, dextrose gel, and intra-
venous fluids to maintain blood glucose levels above 47 mg/dL. At 2 years of age,
developmental assessment by the Bayley scales of infant development III (BSID III)
showed no significant difference compared with the control group without hypogly-
cemia. As a result, developmental evaluation of the Bayley scales of infant develop-
ment IIT (BSID III) at 2 years of age showed no significant difference compared
with the control group without hypoglycemia [14].

On the other hand, a paper on the therapeutic threshold for neonatal hypoglyce-
mia was reported in the NEJM in 2020. According to the paper, the developmental
assessment of BSID III at 18 months modified proved non-inferiority when the
treatment threshold was 36 mg/dL (2.0 mmol/L), which is lower than the conven-
tional treatment threshold of 47 mg/dL (2.6 mmol/L). In other words, a treatment
threshold of 36 mg/dL (2.0 mmol/L) did not result in a worse developmental out-
come than the conventional threshold of 47 mg/dL (2.6 mmol/L) [15]. A compari-
son of developmental outcomes over a longer period of time will be necessary in
the future.

Neonatal hypoglycemia is frequent in infants at risk for maternal ritodrine hydro-
chloride use, preterm birth, maternal diabetes, SGA, and LGA. Studies have shown
that neonatal hypoglycemia can cause cerebral cell damage, particularly in the cere-
bral white matter, and may pose a risk of long-term neurodevelopmental impair-
ment. Although there are various theories on the interventional blood glucose
threshold, at this stage, it should be managed so that the blood glucose level does
not fall below 47 mg/dL (2.6 mmol/L) as shown in Table 1 over time and as a con-
stant value.
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Summary

» Bilirubin encephalopathy results from selective central nervous system
damage induced by neurotoxicity of unbound bilirubin. The primary sites
of involvement include the globus pallidus, subthalamic nucleus, and
brainstem auditory nucleus.

 Bilirubin encephalopathy in full-term infants is always associated with
marked hyperbilirubinemia, whereas bilirubin encephalopathy in preterm
infants often lacks marked hyperbilirubinemia. The manifestations of bili-
rubin encephalopathy during the remote period are characterized by athe-
totic cerebral palsy, auditory impairment, paresis of vertical upward gaze,
and dental enamel dysplasia.

* In addition to neurological examination, head MRI and auditory brainstem
responses are useful for diagnosis, and head MRI should be performed at
6-18 months of corrected age [1].

* A new method of neonatal jaundice management has been proposed [2],
which is expected to reduce the occurrence of new cases.
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1 Medical Examination

The “Diagnostic Criteria for Bilirubin Encephalopathy in Preterm Infants” devel-
oped by the Japan Agency for Medical Research and Development (AMED)
Research Project for Practical Application of Intractable Diseases “Development of
Comprehensive Clinical Guidelines for Kernicterus in Preterm Infants” group is
shown in Table 1 [3]. The basis for the diagnosis of bilirubin encephalopathy is the
neurological examination, which confirms the presence of athetotic cerebral palsy.
It is not uncommon that typical athetotic cerebral palsy is misdiagnosed to be spas-
tic cerebral palsy. Head MRI and auditory brain responses (ABR) are useful and
should be performed when bilirubin encephalopathy is suspected.

The diagnostic criteria for bilirubin encephalopathy in preterm infants can be
applied to the diagnosis of bilirubin encephalopathy in full-term infants except for
gestational age.

2 Symptoms

Bilirubin encephalopathy in full-term infants is associated with marked hyperbiliru-
binemia and neurological symptoms known as Praagh’s symptoms in the acute
phase [3]. Bilirubin encephalopathy in preterm infants often lacks marked hyper-
bilirubinemia and rarely has distinct neurological symptoms in the acute phase.
Therefore, bilirubin encephalopathy cannot be ruled out on the basis of the absence
of marked hyperbilirubinemia in preterm infants.

The most characteristic neurological symptom in the remote phase of bilirubin
encephalopathy is athetotic cerebral palsy [3]. Delay in motor development with
asymmetrical posture and fluctuating muscle tone is evident from infancy. The child

Table 1 Provisional diagnostic criteria for chronic bilirubin encephalopathy (nuclear jaundice) in
preterm infants. Modified from [3]

1. Cerebral palsy or delay in motor development characterized by asymmetrical posture,
fluctuation of muscle tone due to emotional changes, and opisthotonus

. Born before 37 weeks of gestational age

. Abnormal signal intensity in bilateral globus pallidus on head MRI (T2-weighted image)™!

. Auditory brainstem response is abnormal, but auditory response is preserved

[T R SRS RN )

. Exclude other gross brain lesions, brain malformations, and progressive diseases™

*1: It is desirable to confirm the abnormality by MRI between 6 months and 1.5 years of
corrected age, when the rate of abnormality is high

*2: Nonspecific ventriculomegaly, thinning of the corpus callosum, and mild PVL should not
be excluded. Patients with bilateral lesions in thalamus and putamen should be excluded

¢ Confirmed cases: 1, 2, 3, and 5 are satisfied

 Suspicious cases: 1, 2, 4, and 5 are satisfied

PVL periventricular leukomalacia
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is difficult to hold due to neck instability and opisthotonus. The predominance of
joint flexion results in an inverted triangle shape with elevated hips in the supine
position. Muscle tone is easily affected by emotion and varies widely even in the
same patient, from marked hypotonia to hypertonia, from dystonic posture (hypo-
mobility) to athetotic dance (hyperactivity), and shifting laterality of asymmetrical
posture. Physical or emotional stress may cause persistent severe hypertonia leading
to rhabdomyolysis. On the other hand, verbal communication, language, and intel-
lectual development are relatively good in many cases, and oral intake is often pos-
sible, although it takes time to have a meal.

Auditory disorders are also known to be a symptom of bilirubin encephalopathy.
Auditory neuropathy is characteristic in patients with bilirubin encephalopathy, and
it is not uncommon to maintain hearing in daily life even though ABR is severely
abnormal [3]. In this case, the patient is able to speak sufficiently. Such a discrep-
ancy between daily hearing and ABR findings is characteristic of bilirubin encepha-
lopathy and provides a strong basis for diagnosis.

Head MRI is characterized by abnormal signal intensities in the globus pallidus
and subthalamic nucleus (Fig. 1) [3]. High signal intensity of the globus pallidus on
T1-weighted images has been reported in full-term infants in the acute phase. On
the other hand, the time of onset is difficult to determine in preterm infants, and
MRI is usually performed before discharge from the neonatal intensive care unit
(NICU). MRI abnormalities are rarely found in preterm infants before discharge
from NICU. In contrast, abnormal high signal intensity in the globus pallidus is
frequently observed on T2-weighted images at 6—18 months of corrected age [1].
Lesions in the subthalamic nucleus are difficult to identify without clear high-reso-
lution images. The lesions in the globus pallidus tends to be difficult to identify after

Fig. 1 Longitudinal changes of globus pallidus lesions in head MRI of bilirubin encephalopathy
in preterm infants [1]. (a) T1-weighted image at 40 weeks (post menstrual age; PMA). MRI of the
head at term equivalent age shows no obvious abnormality. (b) T2-weighted image at 8 months
(corrected age; CA). High signal intensity is seen in bilateral globus pallidus. (¢) T2-weighted
image at 32 months of CA. No high signal intensity is present in the globus pallidus
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2 years of corrected age. If preterm bilirubin encephalopathy is suspected, head
MRI should be performed at 6-18 months of corrected age.

Paresis of vertical upward gaze and tooth enamel dysplasia are also known
symptoms of bilirubin encephalopathy, but the symptoms are not always easy to
identify and their actual situation is not fully understood.

3 Pathophysiology Associated with Cerebral Palsy

Bilirubin encephalopathy is a central nervous system disorder caused by the neuro-
toxicity of unbound bilirubin (UB). Histopathological studies have demonstrated
that UB-induced neurotoxicity is selective, with histopathological changes occur-
ring predominantly in the globus pallidus, subthalamic nucleus, hippocampus, ocu-
lomotor nucleus, ventral nucleus of the cochlear nerve, cerebellar Purkinje cells,
and cerebellar dentate nucleus. It has been postulated that UB interacts with phos-
pholipids in cell membranes, resulting in endoplasmic reticulum stress, oxidative
stress, decreased enzyme activity, and impaired energy production, but the detailed
mechanism of neuronal damage has not been fully elucidated. Excitotoxicity and
inflammation are presumed to promote UB-induced neurological damage. These
effects are thought to result in the influx of calcium ions into neurons, leading to
apoptosis and cell cycle arrest.

No obstetric factors are known to be directly associated with bilirubin encepha-
lopathy. Among genetic factors, a polymorphism in the UGT1A1 gene, UGT1A1*6
(p.G71R), which is involved in the glucuronidation of bilirubin, is known to be
associated with the risk of bilirubin encephalopathy [4]. Hemolytic anemia due to
genetic factors such as glucose-6-phosphate dehydrogenase (G6PD) deficiency is
an important risk factor for bilirubin encephalopathy, although it is rare in Japanese.

4 Current Status in Cerebral Palsy

In Japan, bilirubin encephalopathy in full-term infants seems to be quite excep-
tional. On the other hand, in preterm infants, especially those born very preterm
(<30 weeks), the number of cases has been increasing with the improvement of
survival rate. Morioka et al. estimated the incidence to be 1.8 per 1000 live births in
preterm infants of less than 30 weeks’ gestation [5]. According to the results of a
survey conducted by the “Development of Comprehensive Treatment Guidelines
for Nuclear Jaundice in Preterm Infants” group of the Practical Application Research
Project for Intractable Diseases of the Japan Agency for Medical Development
(AMED), it is estimated that about 10 preterm infants develop bilirubin encepha-
lopathy in Japan every year.
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5 Toward Prevention

Bilirubin encephalopathy can be prevented by appropriate management of neonatal
jaundice. The results of previous studies suggest that conventional jaundice man-
agement may not be able to prevent bilirubin encephalopathy completely in preterm
infants. To overcome this problem, Morioka et al. [2] proposed a new method of
neonatal jaundice management and are currently evaluating its efficacy and safety.
The new method is characterized by the introduction of UB as a management crite-
rion, the change of the criterion value according to the gestational age and the days
after birth, and a longer period of jaundice management than the conventional
method. For details of the new jaundice management method, please refer to “Guide
to the treatment of bilirubin encephalopathy (nuclear jaundice) in preterm
infants” [3].
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Summary

» The early neonatal period is a period of adaptation to life outside the womb
immediately after birth, and even infants that appear to be normal may
have some abnormalities, such as respiratory distress, cyanosis, and
decreased muscle tone.

e Although some congenital anomalies may be present in apparent life-
threatening event (ALTE), the cause of the disease may not be clear even
after various tests.

» Careful observation by medical personnel is necessary for all newborns,
especially in the early neonatal period, due to the possibility of serious
sequelae.
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1 Concept

An ALTE is defined by the Japanese Ministry of Health, Labour, and Welfare
(MHLW) Research Team as “an episode in which one or more of the following
symptoms occur suddenly, leading the observer to believe that the child is about to
die: abnormal breathing, change in skin color, abnormal muscle tone, or change in
state of consciousness. It is not relevant to the means or strength of the stimulation
for recovery, or with or without cause” [1]. In other words, ALTE is defined as a
concept rather than a diagnosis. Therefore, the search for the cause is important.

The Japanese MHLW research team prepared the “Guide to the Procedure for
Searching for the Causes of an Apparent Life-Threatening Event (ALTE)” in fiscal
year (FY) 2016 [2]. A search for the cause of the disease is performed based on the
patient’s history, onset status, examination findings, and laboratory findings; how-
ever, if the cause cannot be identified by various tests, the patient is diagnosed with
an unknown cause of ALTE (idiopathic ALTE).

2 Sudden Infant Death Syndrome

Sudden infant death syndrome (SIDS) is defined by the Japanese MHLW research
team as “a syndrome of sudden death in a child younger than 1 year of age in which
death is unpredictable on the basis of previous health status and history, and in
which the cause cannot be identified by death scene investigation or autopsy.”
Autopsy and death scene investigation are essential for the diagnosis of SIDS. The
onset of SIDS occurs primarily in the first 2-5 months of life, and the frequency of
the disease in the neonatal period is thought to be low.

3 SUPC (Sudden Unexpected Postnatal Collapse)

Although cases of ALTE or SIDS in the neonatal period have been reported for
some time, sudden neonatal death or sudden cardiopulmonary insufficiency or col-
lapse without death has been defined as SUPC. SUPC is considered an unpredict-
able condition that occurs in the early neonatal period and could have serious
consequences.

In 2010, the British Association of Perinatal Medicine (BAPM) developed a
guideline to review the incidence and pathogenesis of sudden unexpected postnatal
collapse (SUPC) [3]. According to this guideline, SUPC is defined as a term or near-
term (>35 weeks) infant who (1) was well at birth (normal 5-min Apgar score and
received usual postnatal care), (2) developed an unexpected sudden change that
required resuscitation with positive pressure breathing within 7 days of birth, and
(3) died, required intensive care, or developed encephalopathy or other disabilities.
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SUPC does not include neonatal death and ALTE which have risk factors, such
as preterm birth (<35 weeks), perinatal asphyxia, or congenital abnormalities. Since
SUPC includes both deaths and surviving cases, some cases of death are considered
sudden unexpected early neonatal death (SUEND), and some cases of surviving
cases are considered ALTE.

4 Epidemiology of ALTE/SUPC

In 1994, Yamanami [4] reported on early neonatal onset of SIDS and ALTE using a
nationwide questionnaire survey of obstetric facilities. A total of 57 cases of SIDS
and 69 cases of ALTE were reported over a 5-year period from 1989 to 1993, and
the incidence rates were SIDS = 0.040 per 1000 live births and ALTE = 0.048 per
1000 live births. The mean onset time of ALTE was 40 h after birth.

Ohki et al. [5] conducted a nationwide questionnaire survey on early neonatal
sudden unexpected changes in 2008 and 2009 in perinatal facilities. A total of 118
cases (56 inborns and 62 outborns) responded to the survey over 2 years, and 32
cases developed within 2 h after birth, 74 within 24 h, and 84 within 48 h. The inci-
dence rate was 0.176-0.233 for all sudden unexpected changes per 1000 births,
0.013-0.017 for deaths, and 0.031-0.042 for serious sequelae, according to
the report.

5 Causes and Prognosis of ALTE/SUPC

According to Yamanami’s study, 15 patients were rescued but later died, 5 patients
had cerebral palsy (CP), 1 patient had epilepsy, and the other 18 patients survived
without sequelae.

Ohki et al. reported that the most common causes of sudden unexpected change
in newborns up to 2 h after birth were transient tachypnea, hemorrhagic pulmonary
edema, respiratory distress syndrome, respiratory leakage syndrome, respiratory
failure and paraplegia, persistent pulmonary hypertension, meconium aspiration
syndrome, and congenital anomalies. After 48 h, ductal shock due to congenital
heart disease and abnormalities of the central nervous system abnormalities were
reported to be more common. The investigation in cases within the first hour of life
was also reported to have revealed that early skin-to-skin contact (early SSC) had no
effect on the incidence of sudden unexpected change. The outcome of the sudden
unexpected change in newborns was 15 deaths, 28 were with sequelae, 73 improved,
and 2 were unknown. Among the 28 patients with sequelae, 23 patients required
tube feeding and artificial ventilation, 1 patient had mild athetosis after cerebral
hypothermia treatment, 1 patient was able to walk after grade IV intraventricular
hemorrhage, and the prognosis of 3 patients was unknown.
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Suzuki [6] reported in 2016 on the clinical characteristics of cases whose causes
were analyzed on the basis of the obstetric medical compensation system, in which
he analyzed 26 cases that were evaluated as normal newborns immediately after
birth without any problems in the delivery process but later developed sudden unex-
pected changes and remained with severe CP. The 26 cases included 15 cases of
ALTE (unexplained ALTE), 12 cases of group B streptococcus (GBS) infection, 6
cases of herpes infection, 6 cases of hypoglycemia, 3 cases of hyperkalemia, 3 cases
of cerebral infarction, and 6 cases with other diagnoses. In a review of 15 of these
cases diagnosed with ALTE, 33% of the onset was within 2 h of birth and 80%
within 1 day.

It is important to provide intensive care to newborns who develop sudden unex-
pected postnatal changes and to perform a thorough examination for possible
causes. Guidelines for the investigations of SUPC or ALTE from the UK and Italy
stated that examinations for congenital infections, congenital anomalies, respiratory
disorders, anemia, hypoglycemia, congenital adrenal hyperplasia, nervous system
or neuromuscular diseases, and metabolic diseases are required (Table 1) [3, 7].
When the cause of the disease is unclear even after various investigations, idiopathic
ALTE or idiopathic SUPC is diagnosed.

Table 1 Relevant investigations for cases of sudden unexpected neonatal change (ALTE/SUPC)

1. Histopathological investigations of the placenta and umbilical cord

2. Maternal blood test: Kleihauer method, virus test (acute phase serum cryopreservation),
toxicology test

3. Maternal vaginal secretion test

4. Neonatal blood tests: blood count, coagulation system, blood gases, renal function, liver
function, blood glucose, lactic acid, magnesium, ammonia, -hydroxybutyrate, amino acids,
free fatty acids, acylcarnitine profile, cortisol (at three different points in time), viral tests,
DNA and chromosome tests, filter paper blood storage
If unexplained hypoventilation/apnea is suspected: collect a DNA sample to search for
abnormalities in the PHOX2B gene associated with congenital central hypoventilation
syndrome

5. Cerebrospinal fluid: biochemical, sugar, culture, virus test, lactic acid, glycine, specimen
preservation

6. Bacterial culture of various surface swabs

7. Urine: bacteriological test, viral test, poison, orotic acid, preservation of amino acid, urine
specimen preservation

8. Imaging: head ultrasound, magnetic resonance imaging, renal/adrenal ultrasound,
electrocardiography, cardiac ECHO

9. Fundus examination/RetCam®

10. Skin biopsy for fibroblast culture

11. Muscle biopsy if neuromuscular disease or mitochondrial disorders cannot be excluded

12. Electroencephalography
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6 Reducing the Risk of Sudden Unexpected
Neonatal Change

The neonatal period is a time for extrauterine adaptation, during which the newborn
should adapt to changes in the environment. To reduce the risk of sudden unex-
pected life threatening events, especially in the early neonatal period, careful obser-
vation of all newborns and their mothers is necessary. Attention should be paid to
the safe sleep environment, skin color, respiratory status, respiratory rate, oxygen
saturation, and body temperature for newborns.
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Summary

* Neonatal hypothermia is the only currently available evidence-based treat-
ment for neonatal paresis and associated neonatal hypoxic-ischemic
encephalopathy.

* Although moderate or severe neonatal hypoxic-ischemic encephalopathy
is a major cause of cerebral palsy due to permanent brain damage in the
central nervous system, neonatal hypothermia after injury provides effec-
tive brain protection.

* Hypothermia therapy is strictly regulated by the International Guidelines
on Resuscitation, including the indication criteria, cooling period, and
temperature rewarming.

* Inrecent years, however, it has become clear that the long-term prognosis
at school age is not sufficiently improved.
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The incidence of neonatal hypoxic-ischemic encephalopathy (HIE) following neona-
tal paralysis has decreased with the widespread use of neonatal resuscitation pro-
grams, and the associated incidence of cerebral palsy (CP) has also decreased.
However, moderate or severe HIE is still a major cause of CP, and neonatal therapeu-
tic hypothermia (TH) has been introduced in perinatal care facilities nationwide.
However, in recent years, long-term outcomes around school age have been reported,
and although the rate of CP has decreased, developmental and cognitive impairments
have relatively increased. In this section, we describe the basics of TH for the preven-
tion of CP, its short- and long-term prognosis, and cognitive dysfunction without CP.

1 What Is Neonatal TH?

Neonatal TH is a treatment that is initiated to prevent or reduce permanent brain
damage caused by neonatal hypoxic-ischemic encephalopathy. It is the current stan-
dard of care for postnatal HIE and was demonstrated to be cerebroprotective by
reducing the brain metabolism and inhibiting intracellular metabolic activities. The
number of CP cases due to polycystic encephalomalacia, which was frequently
observed before the introduction of TH for moderate or severe HIE, has decreased,
and the brain protective effects on the cerebral cortex are considered to be high.
However, there are still severe CP cases with deep white matter and basal ganglia
necrosis. In recent years, studies on the long-term prognosis of CP before and after
school age revealed that developmental disorders due to higher-order dysfunction
occur in school-aged children.

2 Basics of Neonatal TH

TH is effective for improving the survival rate and neurological developmental prog-
nosis of HIE infants at 18-24 months, and reducing the risk of CP to one-third if the
72-h brain core’s temperature (e.g., rectal temperature) is maintained at 33-34 °C
within 6 h after injury for moderate or severe HIE in full-term or preterm infants. There
is no difference in effects between selective head cooling and whole-body cooling.
HIE is caused by a severe anaerobic metabolic disorder that leads to adenosine
triphosphate (ATP) depletion, accumulation of excitatory amino acids (EAAs)
caused by Na/K** ATP-dependent pump failure in the neuronal cell membrane,
cytotoxic oxidation, and an increase in free radicals and nitric oxide (NO), which
damage the cell membrane and intracellular organelles. Accumulation of these
metabolites causes neurological depolarization and neuronal edema, and cerebral
edema is induced by disruption of the blood-brain barrier. TH suppresses these
brain metabolites, reduces the accumulation of EAAs, suppresses NO release, and
reduces leakage at the blood-brain barrier. These neuroprotective effects inhibit
inflammatory responses and cell apoptosis induced by ischemic injury [1-3].
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3 Indication Criteria for Neonatal TH (Table 1)

Neonatal TH for HIE is performed according to the guidelines set by the International
Liaison Committee on Resuscitation (ILCOR), with indication and exclusion crite-
ria. HIE patients must be selected based on these exclusion and indication criteria.

Table 1 Guidelines for neonatal therapeutic hypothermia (TH) for neonatal hypoxic-ischemic
encephalopathy (HIE)

Exclusion criteria
e If the child is more than 6 h old at the time of the start of cooling
* Those with less than 36 weeks of gestation
* Those whose birth weight is less than 1800 g
» Conditions with potential complications during cooling or major malformations

* When it is judged that the benefits of TH cannot be obtained due to the general condition or
complications or when the risk of TH exceeds the benefits

* When the necessary system as an organization cannot be established

If none of the above applies, the next step is to determine if the adaptation criteria apply.

Adaptation criteria

¢ The child was born at 36 weeks or more of gestation and meets at least one of the following
conditions:

— Apgar score of 5 or less at 10 min after birth

— Continuous neonatal resuscitation (tracheal intubation, bag ventilation) for more than
10 min is required

Blood gas (cord blood, arterial, venous, peripheral capillary) within 60 min of birth with
pH less than 7

— Blood gas (cord blood, arterial, venous, peripheral capillary) within 60 min of birth with a
base deficit of 16 mmol/L or greater

The next step is to determine the presence of encephalopathy in HIE. Moderate to severe
encephalopathy (equivalent to Sarnat class 2 or higher), i.e., impaired consciousness
(somnolence, dullness, coma) and at least one of the following (preferably examined by a
neonatologist or pediatric neurologist with expertise in neonatal encephalopathy):

* Decreased muscle tone

* Abnormal reflexes, including loss of the “doll’s eye” reflex or abnormal pupillary reflex

* Decreased or absent sucking

¢ Clinical convulsions

aEEG (amplitude EEG) findings were previously included in the indication criteria, but as they
do not always correspond to the neurological prognosis, they are now considered reference
criteria. Patients must have at least a 30-min aEEG recording with moderate or greater
abnormalities in the underlying rhythm or seizures. Classical electroencephalographic evaluation
is not used as a criterion.

— Moderately abnormal = upper margin >10 pV and lower margin <5 pV or highly
abnormal = upper margin <10 pV

— Sudden increase in potential and narrowing of amplitude, followed by a short burst of
suppression

EEG electroencephalography
Adapted from the International Liaison Committee on Resuscitation (ILCOR)
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4 Neonatal TH in Practice

There are three cooling methods for TH: selective head cooling with a cooling cap
on the head, whole-body cooling with a cooling blanket, and intravascular cooling
with a special intravascular catheter or extracorporeal circulation. The guidelines do
not specify a specific cooling method but state that the deep body temperature (rec-
tal temperature and esophageal temperature) should be cooled to a target tempera-
ture of 34 °C within 6 h after birth. In practice, when a child with HIE is admitted
to the hospital, it is first necessary to confirm that none of the exclusion criteria are
met, including systemic complications, and then to determine whether the child
meets the criteria for TH within 6 h of birth. If TH is indicated, the patient should
be immediately placed on a cooling pad and cooled to a target temperature of
33-34 °C. TH is a treatment to protect the brain by reducing the brain temperature
to 33-34 °C. However, other organs are also exposed to low temperature, and strict
systemic temporary management is required, including cerebral oxygen metabo-
lism, cerebral activity, circulation, respiration, blood coagulation, electrolytes, infu-
sion, infection, and seizure. Therefore, neonatal TH for HIE should be performed in
a neonatal intensive care unit (NICU) under the guidance of a neonatologist who is
skilled in the systemic management of neonates. According to the guidelines, the
cooling period should be 72 h, and the temperature should be rewarmed to 37 °C at
arate of 0.5 °C/h after cooling.

5 Short-Term Outcomes of Neonatal TH

RCTs of TH in children with moderate or severe neonatal HIE reported outcomes at
18-24 months. Shankaran et al. [4] reported from the National Institute of Child
Health and Human Development (NICHD) that whole-body cooling is a safe and
effective treatment. The Cochrane review group conducted a meta-analysis of the
effects of TH on death or neurological developmental outcomes in 1505 full-term or
late preterm infants. They found that TH resulted in a statistically significant and
clinically important reduction in the combined outcome of mortality or major neu-
rodevelopmental disability to 18 months of age (typical RR 0.75 (95% CI 0.68 to
0.83); number needed to treat for an additional beneficial outcome (NNTB) 7 (95%
CI 5 to 10) [5]. In addition, a recent meta-analysis of 13 articles including 1805
neonates concluded that TH for HIE is safe but associated with a risk of thrombocy-
topenia [RR, 1.08 (95% CI: 1.02-1.37), p = 0.03] and arrhythmia [RR, 2.52 (95%
CI: 1.62-3.93), p < 0.0001].

As described above, TH was demonstrated to be an effective treatment for mod-
erate or severe HIE, but it is not effective at improving the neurological prognosis.
There are also cases of abnormal findings in the deep white matter and basal ganglia
due to TH even if there is no abnormality in the cerebral cortex on head MRI, and
children with mental impairment but no motor impairment due to the so-called CP
have been reported.
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6 Long-Term Outcomes of Neonatal TH

In recent years, large clinical trials of TH for HIE have reported neuroprotective
effects around school age and in late childhood. According to the Cool Cap study,
which assessed the prognosis at 67 years of age based on interviews with parents,
62 of 135 surviving children were disabled at 18 months, and there was no benefit
of TH [6]. The NICHD group investigated the long-term prognosis of 190 neonatal
encephalopathy patients at 67 years of age, with the primary outcome being death
or intelligence quotient (IQ) of <70 and the secondary outcome being the presence
of disability [7]. The prospective TH study investigated motor skills, cognitive
function, growth, and functional disability as reported by parents. The primary
outcome of death or IQ of less than 70 was observed in 46 (47%) of 97 subjects in
the TH group and in 58 (62%) of 93 subjects in the control group [RR, 0.78 (95%
CI: 0.61-1.01), p = 0.06], mortality was 28% vs. 44% (p = 0.04), and death or
severe neurological impairment was 41% vs. 60% (p = 0.03). Other outcome data
were available for 70 patients in the TH group and 52 in the control group. Moderate
to severe disability was noted in 24 of 69 (35%) and 19 of 50 (38%) patients,
respectively (P = 0.87). Attention and executive functions were impaired in 4% and
13% of children who received TH and standard care, respectively (P = 0.19), and
visuospatial dysfunction was observed in 4% and 3% of children who received TH
and standard care, respectively (P = 0.80). As a result, cognitive dysfunction and
substandard IQ were observed in more than 25% of the children at the age of
6-7 years. Most children surviving CP (96%) had an 1Q lower than 70, 9% of chil-
dren without CP had an IQ below 70, and 31% had an IQ between 70. Of children
with an IQ below 70, 23% were able to walk normally, 16% had complex motor
functions, and 10% had normal fine motor development and motor coordination
assessments. Twenty percent of the children with a normal 1Q and 28% of those
with an IQ of 70-84 received special education support and were retained for one
or more years, revealing that all neonatal HIE children remain cognitively
impaired [7].

In the TOBY trial using whole-body cooling, a survey of 145 school-aged chil-
dren demonstrated that 75 of 145 (52%) had 1Q scores of 85 or higher, which was
greater than the 52 of 132 (39%) in the target group [RR, 1.31 (95% CI: 1.01-1.71),
p = 0.04]. The motor function score was significantly lower in the TH group (21%
vs. 36%, p = 0.03), with moderate or severe disability (22% vs. 37%, p = 0.03) [8].

Although there have been no RCTs of TH in Japan, the long-term prognosis of
the 42 patients who received TH for HIE (autologous cases) was as follows: 33%
(14/42) had an 1Q of >85, 2% had an 1Q of >85 with CP only, 12% (5/42) had an
1Q of 71-84, and 33% (14/42) had an 1Q of <70. Of the 33% (14/42) with an 1Q of
<70, 14% were ambulatory and 86% had CP. Overall, 31% (13/42) had CP. The
mortality rate was 17%.

The median (range) scores on the Wechsler test of intelligence in children with-
out CP [15 self-tested cases, mean age at test 6 years 0 months (5:0-7:3)] were as
follows: total test IQ (FIQ) = 93.2 (67-150), verbal 1Q (VIQ) = 90.8 (60-140),
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Table 2 Results of the Wechsler system intelligence test in children without cerebral palsy

[15 patients, mean age at test 6 years 0 months (5:0-7:3)]

1Q Mean (SD) WISC-III WPPSI
Total test IQ (FIQ) 93.2 (+20.9) (67-150) 98.3 (£22.7) 84.3 (+15.0)
Verbal IQ (VIQ) 90.8 (£20.1) (60-140) 96.3 (+20.7) 81.3 (£15.9)
Motor IQ (PIQ) 96.7 (£17.2) (69-125) 98.8 (+18.3) 93.1 (15.9)

Difference between VIQ and PIQ

14.8 (£9.5) (WISC-III 12.6 (+7.2)/WPPSI 18.7
Mean (SD) (£12.2))
15 points or more 9 patients (47%) (WISC-III 5/WPPSI 4)
VIQ < PIQ 7 patients (WISC-III 3/WPPSI 4)
Less than 10-15 points 6 patients (32%) (WISC-III 4/WPPSI 2)
VIQ < PIQ 2 patients (WISC-III 2/WPPSI 0)
Less than 9 points 4 patients (22%) (WISC-III 3/WPPSI 1)

WISC-1II Wechsler intelligence scale for Children-1II, WPPSI Wechsler Preschool and Primary
Scale of Intelligence, VIQ Verbal 1Q, PIQ Performance 1Q

motor IQ (PIQ) = 96.7 (69-125); 47% (7/15) had a difference of 15 points or more
between VIQ and PIQ, and 86% (6/7) were characterized by a predominance of
motor skills (Table 2). Thus, children with a large discrepancy between verbal and
motor skills may have a high risk of developing learning disabilities and develop-
mental disorders and should be carefully followed up when they start school.

7 Neonatal TH for HIE in Preterm Infants

HIE associated with neonatal asphyxia also develops in preterm infants, and at our
institution, TH has been used with great care in preterm infants with HIE of
33-35 weeks of gestation. Although the current TH guidelines exclude patients who
are younger than 36 weeks of age, studies are underway to improve the neurological
outcome of preterm HIE. TH as a treatment for HIE in preterm infants has not been
examined on a large scale, but a recent study of preterm infants at 34-35 weeks of
gestation reported increased mortality and morbidity compared with TH for HIE in
full-term infants. However, this report did not compare preterm infants with those
who did not receive TH for HIE (control group) [9].

In December 2020, the NICHD Neonatal Research Network Preemie
Hypothermia for Neonatal Encephalopathy started NCT01793129, an RCT to eval-
uate the safety and efficacy of 72-h TH for preterm infants at 33-35 weeks of age
with moderate to severe HIE encephalopathy who survive at 6 h after birth. The
primary outcome is death or severe disability at 18—22 months of age.
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8 Expanded Options for Neonatal TH

Whether a lower temperature setting or longer cooling period improves the progno-
sis of TH for HIE has been investigated. Neither a longer cooling time (>72—-120 h),
a lower temperature setting (32-33.5 °C or lower), nor their combination reduced
mortality or moderate/severe disability at 18 months compared with the standard
cooling method (33.5 °C for 72 h) [10]. On the other hand, a 76% reduction in death
or disability was reported for TH after 6-24 h of life [11].

The use of neonatal TH for HIE reduced the incidence of CP. Children who
undergo neonatal TH should be followed up after discharge from the NICU for
evaluation of motor neural development and cognitive dysfunction around
school age.
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Summary

e Magnesium administered transmaternally reduces brain damage. This has
been proven in animal studies and in clinical studies. In a Cochrane review,
it reduced cerebral palsy by 1/3 without changing mortality in preterm
infants.

e The number needed to treat to prevent one cerebral palsy is calculated to
be 4246 individuals. Recent animal studies have shown a preconditioning
effect of this mechanism. If so, prophylactic administration during preg-
nancy may also have a cerebral palsy-preventive effect, and forward-
looking studies are awaited.

1 Current Status of the Neuroprotective Effect
of Magnesium on the Brain

There are two types of drugs validated in brain protection for preterm infants that
can be administered during pregnancy.
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One is corticosteroid, which has a protective effect on the brain such as preven-
tion of intraventricular hemorrhage as well as lung maturation in preterm infants.
The other is magnesium sulfate hydrate (Mg), which is described in this section.

Mg is transmissible through the human placenta. Based on clinical data from 111
pregnant women, the fetal/maternal blood concentration ratio was reported to be
0.94 [1]. Therefore, transmaternal administration can maintain the fetal blood con-
centration and is expected to have a brain protective effect.

A recommendation for the use of Mg in obstetrics was issued by the American
College of Obstetricians and Gynecologists (ACOG) in 2016 [2]. According to this,
the indications for Mg use were narrowed down to three: (1) eclampsia prevention
and treatment, (2) prolongation of pregnancy up to 48 h for preterm birth, and (3)
fetal brain protection (for preterm births less than 32 weeks). All of these are for
short-term use up to 48-72 h.

Many papers have been reported on the brain protective effects of Mg on preterm
infants. Historically, several relatively large randomized controlled trials (RCTs)
were subsequently conducted because of the controversy that erupted in observa-
tional studies regarding the brain protective effects [3—7]. Among them, meta-
analyses on the brain protective effects in preterm infants have been repeatedly
reported using five RCTs that met certain selection criteria [8—10]: four studies used
Mg for brain protection in preterm infants [3—6], and the remaining one was admin-
istered for eclampsia prevention.

Although analyses using summary data have been widely used for meta-analyses
[8, 9], the usefulness of meta-analyses of individual data has recently become appar-
ent [10]. Table 1 shows the results of the meta-analysis based on individual partici-
pant data [10]. The results were similar to those of previous analyses using summary
data. The upper part of the table shows the results of the meta-analysis using all five
studies, and the lower part shows the results of the meta-analysis using only four
studies for the purpose of brain protection (Table 1).

Table 1 Results of the meta-analysis 1: effect of transmaternal magnesium administration on
infant brain protection

Risk
ratio 95% confidence | Number of
Primary endpoint | (RR) interval (CI) children Number of RCTs
1. Death or 0.94 0.85-1.05 6131 All S studies
cerebral palsy 0.86 0.75-0.99 4448 4 studies, only RCTs for
neuroprotection, NNT =41
2. Death 1.03 0.91-1.17 6131 All 5 studies
0.95 0.80-1.13 4448 Four studies, examining only
RCTs for neuroprotection
3. Cerebral palsy | 0.68 0.54-0.87 4601 All 5 studies, survivors only,
in survivors NNT =46
0.68 0.53-0.87 3988 4 studies, RCTs only for
neuroprotection, survivors only,
NNT =42

NNT number needed to treat
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First, for the primary endpoint of reducing death or cerebral palsy, a meta-
analysis of all five studies found no significant difference. On the other hand, the
four studies for brain protection showed a significant reduction with a relative risk
(RR) of 0.86. Therefore, it cannot be said to reduce “death or cerebral palsy.”

Next, we focused only on the deaths in the “death or cerebral palsy” category and
found that Mg was not involved in the mortality of the children. This clearly indi-
cates that the maternal administration of Mg does not increase infant mortality,
which may answer a possible concern that Mg may rescue the frequency of cerebral
palsy in the surviving infants by increasing infant mortality.

Finally, an analysis of the incidence of cerebral palsy (CP) in survivors showed
that Mg significantly reduced the incidence of CP by RR 0.68 or 32% compared
with the control group.

Based on the results of these analyses, it is concluded that transmaternal Mg
administration during pregnancy can reduce brain damage in preterm infants by
about two-thirds without increasing infant mortality. The number needed to treat
(NNT) to prevent the development of cerebral palsy in one person was calculated to
be 42-46.

This cerebroprotective effect of Mg was found to be similar regardless of the
cause of preterm birth and regardless of the timing of Mg administration (weeks of
gestation), total dose, or whether Mg was administered as maintenance therapy,
according to the current meta-analysis [10]. However, the number of cases is insuf-
ficient for such a secondary analysis, and further RCTs are required.

Table 2 summarizes the results of the meta-analysis based on individual data for
the child’s secondary endpoints for brain protection [10]. The results of the meta-
analysis showed that neonatal acute complications such as neonatal seizures, severe
intraventricular hemorrhage of grade 3 or higher, and periventricular leukomalacia
(PVL) were not affected by Mg administration. In addition, no significant effect of
Mg on long-term prognosis, such as blindness and developmental delay, was
observed.

Table 2 Results of the meta-analysis 2: secondary effects of transmaternal magnesium
administration on the child

95% confidence

Binomial factor Risk ratio (RR) interval (CI)
Apgar score <7.5 quantile 1.01 0.89-1.14
Chronic lung disease 1.08 0.96-1.22
Neonatal convulsions 0.75 0.54-1.03
Intraventricular hemorrhage, grade 3 or 4 0.83 0.63-1.09
Periventricular leukomalacia (leukomalacia) 0.91 0.66-1.25
Necrotizing enterocolitis 1.22 0.97-1.53
Cavernous arteriopathy of prematurity requiring 1.03 0.91-1.16
treatment

Loss of eyesight 0.88 0.65-1.06
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The five studies used in this meta-analysis are, in order of citation, referred to as
the MAGNET, ACTOMgSO4, PREMAG, BEAM, and MAGPIE studies [3-7]. In
addition, the MAGENTA study, an RCT of 1676 patients at 30-34 weeks, is also
well known [11]. Furthermore, in April 2020, the MASP study, an RCT of 560 pre-
term births (<32 weeks’ gestation), was newly reported from Denmark [12]. The
frequency of moderate to severe CP was 2% in the Mg group, compared with 3.3%
in the control group, an overall decrease of 39%. A meta-analysis incorporating
these data as individual participant data (Cochrane review) is awaited.

2 Methods of Administration of Magnesium for Cerebral
Neuroprotective Purposes

Most of the RCTs are administered to women with a fetal age of less than 32 or
34 weeks, with a lower limit of 24 weeks or later, and in whom preterm labor is
judged to be imminent within 24 h. The method of administration is to load 4 g of
Mg over 20-30 min, followed by intravenous administration of 1 g per hour to
the mother.

It has been shown that the Mg concentration in fetal blood increases in about 1 h
and in amniotic fluid increases in about 3 h. It is thought that a protective effect is
observed more than 4 h after the loading dose, but the basis for this is not clear, and
some suggest 612 h.

Mg administration should be continued until the end of labor or after 24 h of
continuous administration according to the method used in the RCTs. On the other
hand, if the steroid effect is expected in the case of imminent preterm labor, 48—72 h
should be used.

The efficacy and safety of multiple doses of Mg have not yet been established.

The method of administering Mg for cerebroprotection is the same as that widely
used for eclampsia prophylaxis and imminent preterm labor, and the side effects
should be treated accordingly.

Thus, the cerebroprotective effect of Mg has been studied only for short-term
administration. The reason for this is that in Europe and the United States, Mg is
only administered for a short period of time, even when used as a countermeasure
against imminent preterm labor. Therefore, there is still no clear scientific evidence
for the brain protective effect of long-term administration of Mg, which has been
used in Japan. In addition, there is no clear scientific evidence for the effect of com-
bination therapy of Mg with other uterine contraction inhibitors on brain protection.

3 Mechanism of Neuroprotective Effect of Magnesium
on the Brain

The mechanism of the cerebroprotective effect of Mg has not been clearly eluci-
dated, but since Mg ions have a competitive antagonism with calcium ions, many
possible mechanisms have been postulated.
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In vivo studies on the mechanism of action have been verified in animal experi-
ments on sheep, goats, and rats. The results suggest that Mg stabilizes cerebral
blood flow, inhibits intracellular calcium influx, stabilizes neuronal cell membranes,
and has antioxidant, anti-inflammatory, anti-apoptotic, and mitochondria-mediated
tolerance effects.

Among them, the study by Hagberg et al. published in 2019 is interesting from
the viewpoint of preconditioning [13, 14]. In general, it is known that tolerance to
strong stress can be obtained by adding a mild stimulus or another stimulus before
applying a strong stress load, which is called preconditioning (tolerance).

Therefore, Hagberg et al. examined whether administering a small amount of Mg
before hypoxic-ischemic loading (preconditioning), which would normally cause
brain damage, could reduce hypoxic-ischemic brain damage (tolerance effect) in a
rat brain damage model [13, 14]. As a result, they reported that a single preadmin-
istration of Mg from a minimum of 12 h to a maximum of 6 days before hypoxic-
ischemic stress improved subsequent brain damage. In particular, 24-h
preadministration showed the greatest preconditioning effect [14]. Hagberg et al.
concluded that this was not a direct effect of Mg but a preconditioning effect,
because the Mg blood concentration recovered to within the normal range after
hypoxic-ischemic stress. This effect was demonstrated not only in 7-day-old rats,
which are close to full term in terms of human brain development, but also in more
immature brains. That is, hypoxic-ischemic brain damage was significantly sup-
pressed by preloading Mg 24 h before hypoxia-ischemia even in 4- and 5-day-old
rats [13]. Based on these results and those of other studies, we hypothesize that Mg
alters mitochondrial function and metabolism and induces tolerance to subsequent
hypoxic-ischemic challenge.

There are still many research issues to be addressed, such as whether there is a
preconditioning effect in humans, when the preconditioning effect should be
observed (at what week of pregnancy), and whether it is better to administer Mg
immediately before pregnancy, as has been proposed, or to administer Mg in
advance with the expectation of a preconditioning effect. If there is a precondition-
ing effect, it may be possible to prevent brain damage in preterm infants by pread-
ministering Mg during pregnancy.

4 A Multicenter, Retrospective Study from Japan

As mentioned above, the efficacy of long-term Mg administration for brain protec-
tion, which has been used in Japan, is unknown. Therefore, we conducted a collab-
orative study among four institutions in Japan to retrospectively examine whether
long-term Mg administration improves the frequency of brain damage in preterm
infants, the effect of concomitant administration of B-stimulants, and the optimal
timing and duration of Mg administration [15]. The subjects were 1083 preterm
births between 28 and 36 weeks of gestation, 39% without uterine contraction
inhibitors, 47% with Mg, 41% with B-stimulants, and 27% with both drugs.
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Multivariate and multiple comparisons were made using the following confounding
factors: uterine contraction inhibitors, weeks of pregnancy, sex, presence of
asphyxia, and prenatal steroids. The results showed that Mg significantly reduced
the incidence of poor prognosis (infant death or brain damage) compared with the
group without uterine contraction inhibitors, even after adjusting for confounding
factors [odds ratio (OR), 0.27 [95% confidence interval (95% CI), 0.10-0.72]]. In
contrast, beta-stimulants did not change the frequency of poor outcome (OR, 1.28).
Interestingly, the cerebroprotective effect of Mg disappeared when the two drugs
were combined. The cerebroprotective effect of Mg was also observed when the
drug was used for 1 week or less, but not when it was administered for longer peri-
ods. Cerebroprotection was observed in preterm infants between 28 and 32 weeks
of gestation but not in preterm infants over 32 weeks.

Although the number of cases was too small to draw any conclusions, there was
no difference between the duration of Mg withdrawal before delivery and the fre-
quency of brain damage, indicating the possibility of a preconditioning effect of Mg.

These results indicate that the brain protective effect of Mg was observed in pre-
term infants born between 28 and 32 weeks of gestation within 1 week of use and
that the brain protective effect disappeared when Mg was combined with beta-
stimulants. The efficacy within 1 week was similar to that of short-term administra-
tion in Western countries. Further studies are needed to investigate the effect of the
combination of beta-stimulants, the preconditioning effect, and the effect on very
preterm infants born between 22 and 28 weeks of gestation.
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Summary

* In 1982, Nakahata et al. in Japan were the first in the world to discover that
umbilical cord blood contains stem cells, and in 1989, Gluchman et al.
began to use it to treat Fanconi anemia. This led to the establishment of
umbilical cord blood banks, and cord blood stem cell transplantation
became a popular practice throughout the world and has been widely
applied to the treatment of leukemia for the purpose of reconstructing
hematopoietic tissue.

* In 2014, Cotten et al. in the United States reported the potential of cord
blood stem cell transplantation for the treatment of hypoxic-ischemic
encephalopathy in neonates, which is a regenerative medicine that aims to
regenerate brain tissue rather than reconstruct hematopoietic tissue.

In general, the human brain tissue has a low regenerative capacity and does not
recover spontaneously after injury. Once brain damage is complete and cerebral
palsy (CP) develops, there is no effective treatment. It is important to develop treat-
ment methods in the neonatal period, before brain damage is complete. Therapeutic
hypothermia (TH) for perinatal hypoxic ischemic encephalopathy (HIE), which is
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the main cause of cerebral palsy, has already been widely used as an effective treat-
ment under the guidelines; although the mortality rate was reduced in severe HIE,
half of the patients with TH alone were found to have some residual disease [1, 2].
In 2014, it was reported in the United States that the combination of TH and cord
blood transfusion (CBT) for the treatment of HIE improved the prognosis [3]. In
Japan, a clinical trial of autologous umbilical cord blood stem cell therapy for HIE
was started at the end of 2014 by the Japan Agency for Medical Research and
Development (AMED) as one of the projects for practical application of regenera-
tive medicine. In Japan, a clinical trial of autologous umbilical cord blood stem cell
therapy for HIE was started by the Japan Agency for Medical Research and
Development (AMED) at the end of 2014.

1 Umbilical Cord Blood Stem Cells and Regenerative
Medicine (Fig. 1)

Hematopoietic stem cells (HSCs) and mesenchymal stem cells (MSCs), which exist
everywhere in our body, have long played play a role in tissue maintenance and
regeneration. These cells, called somatic stem cells, are safer and less ethically

Birth in HIE

Explain to your family
letter of intent

Collection of umbilical
cord blood

Isolation of
. . CD34 by Sepax
Explain to your family (UC-BSCs)
letter of intent

Prognostic study

Autologous UC-BSCs Autologous US-BSCa  Autologous US-BSCa 6 months, 12 months,
Transplantation Transplantation Transplantation and 1 year and 6
months of age

Birth 0 days 24H 1 day 48H 2 days 72H 3 days
Clinical application as a
Therapeutic z:ﬁventlve and therapeutic
Hypothermia 9

Fig. 1 Autologous cord blood stem cell therapy protocol. In neonates born with moderate or
severe hypoxic-ischemic encephalopathy (HIE), cord blood is collected with the consent of the
family, aseptically isolated using Sepax, and administered intravenously for 3 days with hypother-
mia in three divided doses. HIE hypoxic-ischemic encephalopathy
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problematic than ES cells (embryonic stem cells) and iPS cells (pluripotent stem
cells), which have been the focus of attention recently, and their clinical application
is advancing. In the neonatal field, umbilical cord blood stem cells (UC-BSCs) and
umbilical cord-derived mesenchymal stem cells (UC-MSCs) are obtained from the
umbilical cord blood and the umbilical cord, which are normally discarded after
birth, and they are attracting attention as a source of supply.

In 1982, Nakahata et al. in Japan [4] were the first in the world to discover that
the umbilical cord blood contained stem cells (UC-BSCs), and CBT was subse-
quently performed for the treatment of Fanconi anemia. Such CBT is the same as
conventional transplantation in that it reconstructs hematopoietic tissue using hema-
topoietic stem cells. However, CBT as a treatment for HIE described here is not
homologous use but type 2 regenerative medicine technology because UC-BSCs are
administered for the purpose of treating brain tissue rather than reconstructing
hematopoietic tissue, although they are not cultured. In this sense, CBT as a treat-
ment for HIE should be correctly described as UC-BSCs therapy rather than trans-
plantation based on the “Act on Securing the Safety of Regenerative Medicine”
(New Regenerative Medicine Act) enacted in 2014.

2 Treatment of Hypoxic-Ischemic Encephalopathy
with UC-BSCs

In 2014, Cotten et al. [3] from Duke University, USA, isolated and administered
stem cells from an autologous umbilical cord blood to moderately to severely ill
neonates with HIE and found no safety issues and no difference in survival between
TH alone and TH plus autologous CBT. The normal survival rate of developmental
quotient (DQ) of 85 or higher was 72% in the TH plus autologous CBT group com-
pared with 41% in the TH alone group.

Japan has started a phase I trial of autologous umbilical cord blood stem cell
therapy for HIE based on the new regenerative medicine law in accordance with the
treatment method of Cotten et al. Based on the guidelines of TH for HIE, this clini-
cal trial was conducted on newborns with moderate or severe HIE who were born at
36 weeks or more of gestation and weighed 1800 g or more at birth. UC-BSCs were
aseptically isolated using Sepax (Global Life Sciences Technologies Japan Co.,
Ltd.) and were administered intravenously for 3 days in triplicate (Fig. 1) [S]. We
have already conducted the six cases necessary to confirm the safety of this treat-
ment, and all patients were able to be weaned from the ventilator and were dis-
charged from the hospital without any deaths, which is almost equivalent to the
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results reported by Cotten et al. [6]. Since the phase I study was completed and the
safety was confirmed, the phase II study has been started.

3 Treatment Mechanism of UC-BSCs

Basic research on the application of UC-BSCs and UC-MSC:s to brain regenerative
medicine has been conducted, and UC-BSCs and UC-MSCs have been shown to
have the pluripotency to transform into neurons in vitro, and their therapeutic effects
on the central nervous system have been demonstrated in in vivo experimental sys-
tems such as animal experiments. However, recent studies have shown that these
stem cells do not directly replace damaged nerve cells in the brain tissue but that
UC-BSCs promote repair mainly by improving energy metabolism and promoting
angiogenesis in the damaged area, and UC-MSCs promote regeneration of brain
nerve cells mainly by suppressing tissue damage by suppressing inflammatory reac-
tions in the acute phase. In addition, UC-MSCs have been shown to promote the
regeneration of brain neurons by inhibiting tissue damage, mainly by suppressing
acute inflammatory reactions.

4 From Prevention to Treatment of Cerebral Palsy

Until now, direct treatment of CP has been difficult, and treatment of the causative
disease has been focused on preventing CP as a sequela. Recently, however, clinical
trials have been conducted in Japan and overseas to treat CP directly by administer-
ing self-UC-BSC to children diagnosed with CP, rather than to prevent CP. Overseas,
Kurtzberg et al. at Duke University conducted a randomized placebo-controlled trial
of self-administered UC-BSCs in children with cerebral palsy aged 1-7 years and
reported that motor function improved significantly after 1 year in the group that
received 2 x 107or more self-administered UC-BSCs [7]. In Japan, Kochi University
has started a phase I clinical trial of self-administered UC-BSCs in CP children aged
2-7 years, and safety has already been confirmed in the six cases conducted.

Thus, the treatment of CP, which was considered to be impossible in the past, has
become a reality with the progress of regenerative medicine using autologous cord
blood stem cells, and further development is expected.
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