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deceleration (R-PD); Hon's pattern (R-Hon); persistently reassuring (R-R); and un-
classified. The brain magnetic resonance imaging (MRI) scans were categorised
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based on the predominant site involved: basal ganglia-thalamus (BGT); white matter
(WM); watershed (WS); stroke; normal; and unclassified.

Main outcome measures: Manifestations of the brain MRI types and the association
between FHR evolution pattern and MRI type were analysed.

Results: Among 672 eligible infants, 76% had BGT-dominant injury, 5.4% WM, 1.2%
WS, 1.6% stroke, 1.9% normal, and 14% unclassified. Placental abruption and small-
for-gestational age were associated with an increased (adjusted odds ratio [aOR] 8.02)
and decreased (aOR 0.38) risk of BGT injury, respectively. The majority of infants
had BGT injury in most FHR groups (bradycardia, 97%; NR-NR, 75%; R-PD, 90%;
R-Hon, 76%; and R-R, 45%). The risk profiles in case of BGT in the NR-NR group
were similar to those in the R-PD and R-Hon groups.

Conclusion: BGT-dominant brain damage accounted for three-fourths of the cases
of CP in term or near-term infants, even in prenatal onset cases. Hypoxic-ischaemic

insult has a major impact on CP development during the antenatal period.
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1 | INTRODUCTION
Various potential aetiologies for cerebral palsy (CP) other
than hypoxia-ischaemia (HI) have been confirmed, such as
infection/inflammation, fetal growth restriction and genetic
disorders. Although reports suggest that these aetiologies
are common in antenatal-onset cases, questions remain.'”
To understand the pathophysiology of CP and identify pre-
ventative measures, it is crucial to understand when and
how the severe brain damage that leads to CP occurs. Fetal
heart rate (FHR) evolution patterns during labour have been
shown to be useful in evaluating the timing of perinatal
brain injury.>™° FHR patterns can be classified into the fol-
lowing six patterns based on FHR patterns at hospital admis-
sion and those before delivery: bradycardia, non-reassuring
(NR)-NR, reassuring (R)-prolonged deceleration, R-Hon's
pattern (Hon), R-R, and unclassified.® One study on 1069 in-
fants with severe CP suggested that antepartum events are a
substantial contributor to brain injury leading to CP."!
Magnetic resonance imaging (MRI) is useful for predict-
ing neurological outcomes prospectively, and for retrospec-
tively evaluating the pathophysiological types and patterns
that affect perinatal brain damage. Patterns are usually
classified into deep nuclear grey matter injury, watershed in-
jury (WS), white matter (WM) injury and vascular lesions."?
Deep nuclear grey matter, which includes the basal ganglia
and thalamus, is vulnerable to acute and severe HI stress,
and selective neuronal necrosis is a characteristic of HI in-
jury in both term and preterm infants."> WS injury princi-
pally relates to cerebral hypoperfusion.'>"> As WS regions of
the cerebral cortex and subcortical WM with a parasagittal

palsy cases, predominant even in antenatal-onset cases.

distribution are the farthest away from the main arterial
supplies, WS injury usually occurs as a result of mild-to-
moderate arterial hypotension.'>*> Damage to the WM is
more common in preterm infants.'? Ischaemia is thought to
contribute to the development of WM injury. Specific cere-
brovascular injuries such as focal arterial infarction, venous
thrombosis or embolism and isolated intraparenchymal hae-
morrhage may also be associated with peripartum HL'"

Inaddition to FHR evolution studies, MRI of infants could
enable us to evaluate the pathophysiological mechanisms of
CP in more detail; that is, insult severity and pattern, as well
as insult timing. However, there is a lack of comprehensive
studies on the correlations between FHR tracings and brain
MRI findings. Herein, we aimed to investigate the associa-
tion between MRI patterns and clinical factors. Further, we
aimed to establish the association between FHR evolution
and MRI pattern.

2 | METHODS

2.1 | Study population and data collection

A longitudinal, nationwide cohort study was conducted.
All data in this study were obtained from the nation-
wide database of the Recurrence Prevention Committee,
Japan Obstetric Compensation System for Cerebral Palsy
[JOCSC] for infants enrolled between 28 September 2009
and 30 September 2016)."” Infants were enrolled in the da-
tabase upon being diagnosed with severe CP (equivalent
to levels 3-5 of the Gross Motor Function Classification
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System-Expanded and Revised)'® and were approved by
the JOCSC for disability support before the age of 5 years.
All clinical data, including cardiotocograph (CTG) strips
and MRIs, were obtained retrospectively after enrolment
from the birth and neonatal care hospitals. Cases eligible
for this study were infants with severe CP born at or be-
yond 34 weeks of gestation between 2009 and 2014. Infants
whose cardiotocograph (CTG) tracings on admission
or at delivery were missing or uninterpretable, or whose
brain MRI data within 6 weeks after birth were not avail-
able, were excluded. MRI was performed on a 1.5-3-Tesla
scanner (slice width 1.5-6 mm) depending on the facil-
ity. Neonatal asphyxia was defined as impaired neonatal
condition due to lack of oxygen at delivery with metabolic
acidosis (umbilical artery blood pH <7.0 and base deficit
>12 mEq/L) and low Apgar scores (<7). Umbilical cord ab-
normality was diagnosed at birth and included anatomi-
cal abnormalities such as cord entanglement, marginal or
velamentous insertion, abnormal twisting or coiling, defi-
ciency of Wharton's jelly, long (=70 cm) or short (<25 cm)
cords, single umbilical artery or true knot. Intrauterine
infection was defined as maternal pyrexia associated with
evidence of clinical or pathological chorioamnionitis, or
neonatal sepsis. Small-for-gestational-age (SGA) was de-
fined as birthweight <10th percentile. The diagnoses of
remaining factors such as placental abruption, placenta
praevia or low-lying placenta, uterine rupture, umbilical
cord prolapse, feto-maternal transfusion, rhesus factor
alloimmunisation, shoulder dystocia and twin-to-twin
transfusion syndrome (TTTS), and postnatal complica-
tions such as neonatal sepsis, intracranial haemorrhage,
and hypoglycaemia were collected from the medical re-
cords of the perinatal care facilities.

2.2 | FHR pattern analysis

Three obstetricians (MN, AO and JH), blinded to the in-
fants' clinical information, independently analysed the in-
dividual CTG strips throughout labour. FHR patterns were
categorised into the six groups listed below according to the
national guidelines'” after agreement by at least two of the
three reviewers, based on the FHR pattern on the earliest
recorded CTG (on admission or during labour), compared
with the pattern just before delivery:

1. bradycardia: bradycardia (<110 bpm) on admission per-
sisting until delivery;

2. persistently non-reassuring (NR-NR) pattern: a per-
sistently decreased or absent variability (<5 bpm)
without bradycardia on admission and persisting until
delivery;

3. reassuring-prolonged deceleration (R-PD): abruptly (<1 h)
evolving pattern during labour from the initial reassur-
ing pattern (baseline at 110-160 bpm with variability
of 6-25 bpm) on admission to severe PD (bottom FHR
<80 bpm) or bradycardia just before delivery;

4. Hon's pattern (R-Hon): gradually (=1 h) evolving pattern
during labour from reassuring on admission to recurrent
decelerations that become wider and deeper, combined
with tachycardia and a decrease or loss of variability, fol-
lowed by terminal bradycardia;

5. persistent reassuring (R-R) pattern: reassuring admission
test that persists within normal range (moderate variabil-
ity) throughout delivery;

6. unclassified: patterns without agreement among the three
readers, or indeterminable due to intermittent monitor-
ing, tachycardia with normal variability on admission, a
normal admission test followed by an NR pattern with-
out terminal bradycardia, and a sinusoidal or checkmark
pattern.

The timing of brain injury was estimated to be prenatal
in the bradycardia and NR-NR pattern groups, during deliv-
ery in the R-PD and R-Hon pattern groups, and prenatal or
postnatal in the R-R pattern group (Table S1).

2.3 | Brain MRI analysis

Transverse T1- and T2-weighted images and, when appro-
priate, diffusion-weighted images were reviewed by a spe-
cialised paediatric neurologist (YN) who was blinded to the
clinical background of the infant. Cases in which the basal
ganglia-thalamus (BGT) region was injured, were classified
as BGT injury. Cases where the BGT region was preserved,
divided into five categories. Among these, cases with WM
affected predominantly were classified as WM injury or
WS injury if distributed in the parasagittal subcortical WM
in particular. The remainder categories comprised: stroke
(focal disruption of cerebral blood flow due to arterial or ve-
nous thrombosis or embolism), normal finding (no signifi-
cantly aberrant signals in the whole brain), and unclassified
(did not fit one of the other five categories).

According to previously described criteria,"'* we graded
BGT injuries as mild (abnormal signal intensities in the focal
area, usually in the ventrolateral nuclei of the thalami); mod-
erate (multifocal or more diffuse abnormalities extending
to multiple areas of the thalamus); and severe (widespread
abnormalities including the whole BGT area). Furthermore,
cortical and brainstem involvement, commonly associated
with severe forms of BGT injury, were classified. Cortical
injuries, usually observed as a loss of grey-WM differenti-
ation or cortical highlighting, were classified as mild (1-2
sites of signal changes), moderate (3 sites), or severe (>3
sites). Damage to the brainstem was defined as moderate
when loss of anatomical details, over-differentiation of the
anterior and posterior pons, focal signal abnormality or mild
asymmetries were observed, and as severe if widespread ab-
normalities, abnormal myelination, marked asymmetries or
atrophy was detected.

The outcomes assessed included the manifestations of
brain damage and the association between FHR evolution
pattern and MRI type.
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2.4 | Statistical analysis

Continuous or integer variables are presented as medians with
interquartile ranges and categorical variables as numbers and
percentages. Interobserver agreement for FHR classification
was analysed using Cohen's kappa coefficient (two observers)
and Fleiss's kappa coefficient (three observers). Univariate
analyses among the BGT, WS-WM, and remainder catego-
ries groups were performed using the Kruskal-Wallis test for
continuous variables and the chi-square test or Fisher's exact
test for categorical variables. Comparisons of categorical vari-
ables between FHR evolution classes were performed using
multinomial logistic regression. Odds ratios (ORs) and 95%
confidence intervals (Cls) were obtained using multinomial
logistic regression models, with BGT injury, severity of BGT
injury and cortical/brainstem involvement as dependent vari-
ables. Multivariate analyses were performed using multino-
mial logistic regression to verify the FHR pattern and risk
factors associated with BGT injury compared with WS-WM
injury, BGT severity, or damage to the cortex or brainstem
as independent variables, with covariates selected based on
the obstetrical background, including maternal age, pre-
pregnancy body mass index, parity, history of miscarriage,
history of fertility treatment, smoking, alcohol consumption,
preterm birth, infantile sex and therapeutic hypothermia. p-
values <0.05 were considered statistically significant. Pairwise
deletion was used in all statistical analyses to address the
missing data. All analyses were performed with STATA ver-
sion 16.0 (Stata Corporation).

3 | RESULTS

3.1 | FHR evolution groups

Among 1593 infants, 672 met the eligibility criteria (Figure
S1). Infants were stratified according to the FHR evolution
pattern as follows: bradycardia, 9% (n = 59); NR-NR, 25%
(n = 169); R-PD, 17% (n = 115); R-Hon, 17% (n = 111); R-R,
13% (n = 86); and unclassified, 20% (n = 132) (Figure 1A).

Bradycardia
A 8.8%) B

RR
86 (12.8%)

FIGURE 1
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A total of 20% cases (n = 132) were unclassified due to disa-
greement (n = 47), intermittent monitoring (n = 45), no ter-
minal bradycardia (n = 19), sinusoidal or checkmark pattern
(n = 11) and tachycardia with moderate variability on ad-
mission (1 = 10). The overall interobserver agreement was
moderate (kappa, 0.60), between 0.59 and 0.62 across each
pair of reviewers. The agreement for each FHR pattern was
as follows: bradycardia, kappa 0.82; NR-NR, kappa 0.68; R-
PD, kappa 0.60; R-Hon, kappa 0.47; R-R, kappa 0.55; unclas-
sified, kappa 0.54. As in our previous report,'’ brain damage
in at least 34% of infants was presumed to have occurred
during the prenatal period (bradycardia and NR-NR) and
brain injuries associated with a hypoxic event during labour
(R-PD and R-Hon) also accounted for 34% of cases.

3.2 | Brain MRI types

The details of brain damage types are shown in Figure 1B.
The median age at MRI scan was 15 days (interquartile range
10-23). Overall, 76% (n = 509) of infants developed BGT-
dominant lesions, indicating acute, profound HI insults as
the cause. The BGT region was spared in the remaining 24%
of infants (n = 163), which included 5.4% (n = 36) WM injury,
1.2% (n = 8) WS injury, 1.6% (n = 11) stroke, 1.9% (n = 13)
normal findings, and 14% (n = 95) unclassified types of in-
jury. The unclassified findings comprised: haematogenous
or meningeal injury (n = 26), multicystic encephalomalacia
with preserved BGT region (n = 22), mixed lesions where the
primary locus was unclear (n = 20), extrinsic brain haemor-
rhage (n = 11), brain herniation of unknown origin (n = 3)
and nonspecific injuries (n = 9).

Maternal and neonatal characteristics are outlined in the
Table S2 and S3. In comparison between the three groups,
the mothers' median age was 31 years, and ~60% were nul-
liparous. The number of infants born by operative vaginal
or caesarean section delivery was higher in the BGT group
than in the WS-WM and remainder categories group (71%
vs. 55% vs. 53%, p < 0.01). Preterm birth rates were higher
in the WS-WM group compared with the other groups (15%

Normal 13 (1.9%)

Stroke 11 (1.6%) \\\ i

Watershed —
8(1.2%)

Analysis of fetal heart rate evolution pattern and infant brain MRI. (A) Analysis of fetal heart rate evolution pattern. NR-NR, decreased

variability on admission; R-Hon, gradual deterioration followed by a decline in base rate; R-PD, reassuring on admission and abruptly changed
immediately before delivery; R-R, fetal heart rate variability maintained throughout delivery. (B) Analysis of magnetic resonance imaging. BGT, basal

ganglia-thalamus
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vs. 34% vs. 18%, p < 0.01). The BGT group showed higher
rates of neonatal asphyxia (umbilical artery pH 6.96 vs. 7.16
vs. 7.20; base deficit 15.8 vs. 7.4 vs. 8.2 mEq/L; Apgar score
at 1/5 min 1/3 vs. 5/7 vs. 6/8; all p < 0.01). Therapeutic hypo-
thermia was performed in 51% of infants in the BGT group,
compared with only 14% and 15% of those in the WS-WM
and remainder categories groups (p < 0.01).

Table 1 summarises the perinatal risk factors underly-
ing CP. Umbilical cord abnormality was the most common
aetiology in all three groups (>40%), followed by placental
abruption (23%), intrauterine infection (18%) and SGA (13%)
(including duplicates) in the BGT group. Postnatal compli-
cations were the second most common aetiology only in the
remainder categories groups (40%). Furthermore, 20% of
infants in the BGT group, 30% in the WS-WM group and
21% in the remainder categories group developed CP with-
out apparent aetiologies. Multivariate analysis showed that
placental abruption (adjusted OR [aOR] 8.02, 95% CI 1.53—
41.95) was significantly associated with an increased risk of

TABLE 1
categories groups

BGT (n=509)

Perinatal risk factor underlying CP (data includes duplicates), n (%)

Umbilical abnormalities (n = 289) 217 (42.6)
Placental abruption (n = 127) 119 (23.4)
Intrauterine infection (n = 121) 91 (17.9)
SGA (n=94) 65 (12.8)
Feto-maternal transfusion (n = 21) 10 (2.0)
Umbilical cord prolapse (n = 21) 20 (3.9)
Inappropriate operative delivery (n = 18) 16 (3.1)
Uterine rupture (n = 18) 18 (3.5)
Maternal cardiopulmonary collapse (n = 13) 12 (2.4)
Uterine hypertonus or tachysystole (n = 12) 10 (2.0)
Shoulder dystocia (n = 9) 9 (1.8)
TTTS (n = 3) 1(0.2)
Abruption of placenta praevia or low-lying 2(0.4)
placenta (n = 2)
Rh(D) alloimmunisation (n = 1) 0 (0)
Postnatal complications (n = 66) 15 (2.9)
No risk factor (n = 141) 103 (20.2)
FHR evolution class (n = 672), n (%)

Bradycardia (n = 59) 57 (11.2)
NR-NR (1 = 169) 127 (25.0)
R-PD (n = 115) 104 (20.4)
R-Hon (n =111) 84 (16.5)
R-R (n=86) 39 (7.7)
Unclassified (n = 132) 98 (18.5)

BGT injury, whereas SGA (aOR 0.38, 95% CI 0.17-0.86) was
significantly associated with a low risk of BGT injury, indi-
cating an association with WS-WM injuries (Table 2).

3.3 | FHR evolution groups and brain
MRI types

The brain MRI types in each FHR evolution group are
shown in Figure S2. Brain damage to the BGT accounted
for a substantial proportion of infants in all FHR pattern
groups (bradycardia, 97%; NR-NR, 75%; R-PD, 90%; R-Hon,
76%; R-R, 45%; unclassified, 45%). Even in the NR-NR group
(n = 169), 75% of infants (n = 127) showed a BGT pattern,
followed by WM injury (n = 13; 8%), WS injury (n = 4; 2%),
stroke (n = 4; 2%), normal findings (n = 1; 0.6%) and un-
classified (n = 20; 12%). Compared with the R-R group, the
incidence of BGT injury was significantly higher in all the
FHR evolution groups, especially in the bradycardia and

Perinatal risk factor and the fetal heart rate class: a comparison of basal-ganglia thalamus, watershed-white matter and the remainder

WS-WM (n = 44) Remainder (n = 119) p-Value
18 (40.9) 54 (45.4) 0.83
2 (4.5) 6 (5.0) <0.01
6 (13.6) 24(20.2) 0.62
11 (25.0) 18 (15.1) 0.08
4(9.1) 7(5.9) <0.01
0(0) 1(0.8) 0.13
0(0) 2(1.7) 0.56
0(0) 0(0) 0.05
0(0) 1(0.8) 0.50
1(2.3) 1(0.8) 0.56
0(0) 0(0) 0.36
1(2.3) 1(0.8) 0.08
0(0) 0(0) 1.00
0(0) 1(0.8) 0.24
3(6.8) 48 (40.3) <0.01
13 (29.5) 25 (21.0) 0.35
2 (4.5) 0(0) <0.01
17 (38.6) 25 (21.0)
3(6.8) 8(6.7)
6 (13.6) 21 (17.6)
7 (15.9) 40 (33.6)
9 (20.5) 25 (21.0)

Abbreviations: BGT, basal ganglia thalamus; BMI, body mass index; CP, cerebral palsy; FHR, fetal heart rate; NR-NR, decreased variability on admission; Rh(D), rhesus D
factor; R-Hon, gradual deterioration followed by decline in base rate; R-PD, reassuring on admission and abruptly changed immediately before delivery; R-R, fetal heart rate
variability maintained throughout delivery; SGA, small-for-gestational age (birthweight <10th percentile); TTTS, twin-twin transfusion syndrome; WM, white matter; WS,

watershed.
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TABLE 2 Multinomial logistic regression analysis of perinatal risk
factor and fetal heart rate evolution class for basal ganglia-thalamus
injury in cerebral palsy: comparison of watershed-white matter injury

Adjusted

Variables OR? 95% CI

Perinatal risk factor underlying CP (n = 672) (data include duplicates)

Umbilical abnormalities (n = 289) 1.36 0.68-2.73
Placental abruption (n = 127) 8.02 1.53-41.95"
Intrauterine infection (n = 121) 1.28 0.47-3.43
SGA (n=94) 0.38 0.17-0.86'
Feto-maternal transfusion (n = 21) 0.25 0.06-1.01
Uterine hypertonus or tachysystole 0.42 0.04-4.11
(n=12)
TTTS (n=3) 0.14 <0.01-4.47
Postnatal complications (n = 66) 0.68 0.17-2.69
FHR class (n = 672)

Bradycardia (n = 59) 1.25 0.19-8.20
NR-NR (n = 169) 1.24 0.43-3.58
R-PD (n = 115) 3.46 0.78-15.37
R-Hon (n = 111) 1.09 0.31-3.88
R-R (n = 86) (reference) (reference)
Unclassified (n = 132) 1.19 0.37-3.79

Abbreviations: BGT, basal ganglia-thalamus; CI, confidence interval; CP, cerebral
palsy; FHR, fetal heart rate; n, number; NR-NR, decreased variability on admission;
OR, odds ratio; R-Hon, gradual deterioration followed by decline in base rate;
R-PD, reassuring on admission and abruptly change immediately before delivery;
R-R, fetal heart rate variability maintained throughout delivery; SGA, small-for
gestational age (birth weight <10th percentile); TTTS, twin-twin transfusion
syndrome.

*Adjusted for maternal age, pre-pregnancy BMI, parity, history of miscarriage,
history of fertility treatment, smoking, alcohol consumption, preterm birth,
infantile sex and therapeutic hypothermia. Reference for the outcome variables was
watershed-white matter injury. Adjusted ORs for the remainder categories group
are not shown.

*p <0.05.

R-PD groups. However, after adjustment for clinical back-
ground, there was no significant difference between the inci-
dence of BGT injury and WS-WM injury in each FHR group
(Table 2).

Most infants with BGT injury in all FHR evolution
groups showed severe damage (Figure S3). After adjusting
for clinical background, there was a significant difference
in severe injury in the bradycardia (aOR 6.71, 95% CI 1.26-
35.75), NR-NR (aOR 2.51, 95% CI 1.10-5.73) and R-PD (aOR
7.04, 95% CI 2.24-22.10) groups when compared with that in
the R-R group.

Figure S4 demonstrates the severity analysis of cortical
brain damage for BGT injury in each FHR evolution group.
Cortical damage accompanied most cases in all groups.
Bradycardia (aOR 5.61, 95% CI 1.20-26.33), NR-NR (aOR
4.57,95% CI 1.33-15.68) and R-Hon (aOR 4.69, 95% CI 1.22-
18.00) patterns were significantly associated with more se-
vere involvement than the R-R pattern was after adjusting
for clinical background. Figure S5 shows the severity anal-
ysis of brainstem damage for BGT injury in each FHR evo-
lution group. Brainstem injuries were less frequent, ranging

2 O An International Journal of
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from 23% to 32%, and there was no difference in prevalence
between the groups.

3.4 | Risk profile of each FHR
evolution group

The profiles of the underlying aetiology in each FHR evo-
lution group for BGT injury, WS-WM injury and the re-
mainder categories are shown in Figure 2. Most cases in
the bradycardia group progressed to BGT injury caused by
placental abruption (45/59; 76%). It is intriguing to note that
in the NR-NR group (antenatal cause suspected), the causal
pattern of BGT injury was similar to those in the R-PD and
R-Hon groups (intrapartum cause suspected); that is, umbil-
ical abnormalities, intrauterine infection, placental abrup-
tion and SGA, in that order.

4 | DISCUSSION

4.1 | Main findings

This longitudinal, nationwide cohort study demonstrated
the association between the timing of insult based on FHR
evolution and the pattern and severity of brain damage
based on MRI classification in term or near-term infants
with severe CP. First, the brain MRI analysis demonstrated
that three-fourths of term or near-term infants with severe
CP developed a BGT injury. Secondly, BGT injuries were
more frequently characterised by severe neonatal asphyxia
compared with non-BGT injuries. This is supported by the
fact that placental abruption was associated with an in-
creased risk of BGT injury, whereas SGA was less likely to
contribute to BGT injury. Thirdly, BGT injury accounted
for most cases, even in the NR-NR group where antenatal
causes were suspected. These findings suggest that cases of
CP with an antenatal onset would be compromised by HI
insult. Moreover, the risk profiles of cases of BGT injury in
the NR-NR group were similar to those in the R-PD and R-
Hon groups.

4.2 | Interpretation

Consistent with previous studies,'” BGT damage was the
most common manifestation in our study. Furthermore, se-
vere BGT lesions were more prevalent in acute and total in-
sult, and cortical involvement accompanying BGT damage
was characterised by a gradual and partial insult.

It is important to note that infants in this study were
serially registered in the JOCSC with several manda-
tory requirements. First, the infants must have severe
CP equivalent to levels 3-5 of the Gross Motor Function
Classification System - Expanded and Revised.'® If less
severe CP cases were included, the incidence of non-BGT
would have increased. WS injury is associated with mild
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hypoxic insult or prolonged hypoperfusion.'? Stroke cases
may not become apparent until a later period when higher
brain functions are developing.'> The WM injury rate
would have increased had we included infants born before
34 gestational weeks.”’

Secondly, infants who died before 6 months of age
are not included in the JOCSC. If those cases had been
included, the incidence of brainstem lesion in the BGT
would have increased, as brainstem integrity is vital to
survival. That might be the reason why we did not iden-
tify a significant difference between the FHR evolution
groups.

BGT was characterised by a more severe neonatal as-
phyxia compared with WS-WM injury. Placental abruption
usually leads to abrupt fetal hypoxia, which is likely to dam-
age the BGT region. In contrast, SGA is potentially associ-
ated with chronic (less severe) hypoxia, and CP associated
with feto-maternal transfusion is characterised by prolonged
ischaemia (followed by hypoxia) during the antenatal pe-
riod, resulting in WM or WS subcortical injury, or stroke,
rather than BGT. As for postnatal issues, neonatal bacterial
or viral infections of the central nervous system cause dif-
fuse structural or signal changes such as multicystic enceph-
alomalacia, leptomeningeal enhancement or infarctions.”"*?
Although neonatal hypoglycaemia (n = 6) has been shown to
cause WM abnormalities with a particular predilection for
the posterior cerebrum,? all cases in this study were mul-
tifactorial, with five of six cases in our database being un-
classifiable due to mixed lesions. This could explain the high
incidence of postnatal complications only in the remainder
categories group.

In this study, BGT injury was the most common man-
ifestation, even in the NR-NR group. We have previously
reported that most infants in the NR-NR pattern group de-
veloped CP without severe acidosis at birth, representing
antenatal causation."” Cowan et al. concluded that perinatal
hypoxic events were the most important factors in neonatal
encephalopathy.** Conversely, most studies have suggested
that genetic factors, infection/inflammation, fetal growth
restriction and placental abnormalities are more important
causes of CP than hypoxia, especially in antenatal causal
cases.>>?>?® The result of our study indicated that HI stress
is important when a fetus develops severe brain damage
leading to CP before labour.

Interestingly, risk profiles of BGT injury in the NR-
NR group were similar to those in the intrapartum causal
groups (R-PD and the R-Hon groups), that is, umbilical ab-
normalities, intrauterine infection, placental abruption and
SGA, in that order. One possibility is that causes of antenatal
HI injury such as umbilical abnormalities and intrauterine
infection may be reversible or not severe enough to have a
negative influence on fetal survival, the alternative of which
would be a stillbirth. As such, causes of antenatal HI injury
are generally similar to those of intrapartum HI injury, in
which the stress may be acute (R-PD) or subacute (R-Hon),
and only the timing is different.
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4.3 | Strengths and limitations
The strength of this study was that it represents a more ex-
tensive survey than a previous report.”” We have demon-
strated the association between FHR evolution patterns and
neonatal brain MRI findings in cases of severe CP, high-
lighting the impact of prenatal HI stress on CP development.
This study also had several limitations. First, it was a
retrospective, observational study that only included cases
of severe CP, and the data were not compared with data on
a control group. Thus, there might have been an inherent
selection bias, and our results may not be extrapolated to
milder forms of CP or milder injuries not leading to CP.
Secondly, only MRIs performed within 6 weeks after birth
were included. Given that cerebral abnormalities would
become most evident between 1 and 2 weeks of life and
that the optimal timing might differ according to the na-
ture and timing of the cerebral injury,'>*® the accuracy of
MRI at 6 weeks in terms of classifying the brain injury is
debatable. Thirdly, sampling bias might have occurred due
to the small number of cases for some of the risk factors.
Therefore, further studies with larger sample sizes are
needed for generalisability.

5 | CONCLUSIONS

In this study, we demonstrated that BGT-dominant brain
damage accounted for three-fourths of severe CP cases in
term or near-term infants. Placental abruption was associ-
ated with an increased risk of BGT injury, and SGA was
associated with a decreased risk. HI injury may have a
major impact on the development of CP, even during the
antepartum period. However, our results were only appli-
cable to a subset of patients who underwent MRIs during
the neonatal period, and could not be generalised to milder
forms of CP or milder injuries not leading to CP. Therefore,
further investigation with a larger sample size, including
control and mild cases, is needed to comprehend the entire
pathophysiology of CP and infer a strategy for preventing
brain injuries.
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