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BACKGROUND: Hypothermia is widely used for infants with hypoxic-ischemic neonatal encephalopathy but its impact remains
poorly described at a population level. We aimed to describe brain imaging in infants born at =36 weeks' gestation, with moderate/
severe encephalopathy treated with hypothermia.

METHODS: Descriptive analysis of brain MRI and discharge neurological examination for infants included in the French national
multicentric prospective observational cohort LyTONEPAL.

RESULTS: Among 575 eligible infants, 479 (83.3%) with MRI before 12 days of life were included. MRI was normal for 48.2% (95% Cl
43.7-52.8). Among infants with brain injuries, 62.5% (95% Cl 56.2-68.5) had damage to more than one structure, 19.8% (95% Cl
15.0-25.3) showed a pattern-associating injuries of basal ganglia/thalami (BGT), white matter (WM) and cortex. Overall, 68.4% (95%
Cl 62.0-74.3) of infants with normal MRI survived with a normal neurological examination. The rate of death was 15.4% (95% Cl
12.3-19.0), predominantly for infants with the combined BGT, cortex, and/or WM injuries.

CONCLUSIONS: Among infants with neonatal encephalopathy treated with hypothermia, two-thirds of those with normal MRI
survived with a normal neurological examination at discharge. When present, brain injuries often involved more than one structure.

TRIAL REGISTRATION: The trial was registered at ClinicalTrials.gov (NCT02676063).
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IMPACT:

® In this multicentric cohort of infants with neonatal encephalopathy (LYTONEPAL) two-thirds survived with normal MRI and

neurological examination at discharge.

® In total, 10% of newborns showed a pattern associating injuries of the basal ganglia—thalami, white matter, and cortex, which

was correlated with a high risk of death at discharge.

® The evolution of MRI techniques and sequences in the era of hypothermia calls for a revisiting of imaging protocol in neonatal

encephalopathy, especially for the timing.

® The neurological examination did not give evidence of brain injuries, thus questioning the reproducibility of the clinical exam or

the neonatal brain functionality.

INTRODUCTION

In high-income countries, neonatal encephalopathy (NE) related to
intrapartum hypoxic-ischemic events or hypoxic-ischemic ence-
phalopathy (HIE), occurs in 0.86-1.54%o of live term births."?
Perinatal brain hypoxia and ischemia induce a complex biochemical
cascade leading to neuronal cell death and significant brain injury.

Magnetic resonance imaging (MRI) is increasingly applied to
quantify the degree of brain injury and to identify the specific brain
regions involved, providing both diagnostic and prognostic
information.>® The timing of the MRI may affect the identification
of injuries>* For MRI performed early, before 7 days of life,
diffusion-weighted imaging (DWI) is an essential sequence. When
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MRI is performed after the first week of life, DWI should be analyzed
with caution because of possible pseudonormalization.”™

Four predominant MRI injury locations have been observed:>®~"!
basal ganglia and thalami (BGT), posterior-limb internal capsule
(PLIC), cortex, and white matter (WM).>® BGT injuries are the
most severe, known to be associated with poor motor and
cognitive outcome.>'%'213 There is now evidence that therapeutic
hypothermia (TH) for infants who may have experienced lack of
oxygen at birth reduces death or disability, without increasing
disability in survivors.'® Thus, recommendations are to provide TH
to infants with severe to moderate NE related to HIE within 6 h (hr)
after birth.'®"”

Cohort studies, providing data for infants with NE treated with
TH, may lead to a better understanding of the impact of TH on
brain injuries. The cohort “Long-Term Outcome of Neonatal
hypoxic EncePhALopathy in the era of neuroprotective treatment
with hypothermia” (LyTONEPAL) is a national cohort study of term
and late preterm infants with NE, conducted in France between
2015 and 2017."® The objectives of this present study were to
detail the practices of brain MRI (timing, sequences) in a cohort of
infants with NE treated by therapeutic hypothermia and to report
the incidence and characteristics of observed brain injuries. The
secondary objective was to report the associations between MRI
findings and short-term outcomes, including death or survival
with normal/abnormal neurological examination.

METHODS

Population

Neonates included in the LyTONEPAL cohort were born at >34 weeks’
gestational age between September 2015 and March 2017, and diagnosed
with HIE. Sixty-eight French centers participated in the LyTONEPAL study.
Criteria for HIE included (1) early neurological distress with clinical signs of
moderate to severe encephalopathy on a standardized neurological
examination performed by a senior investigator; (2) biological criteria of
asphyxia during the first hour of life, including (a) severe biological signs of
asphyxia (pH < 7.0 or base deficit 216 mmol/I or lactate level =11 mmol/l)
or (b) moderate signs of asphyxia (pH 7.01-7.15 or base deficit 10-15.9
mmol/l, or lactate level 8-11 mmol/l) or no available biological signs of
asphyxia, associated with an acute perinatal event (cord prolapse, head
retention, retro-placental hematoma, uterine rupture, cord rupture,
amniotic embolism, fetal-maternal hemorrhage, or maternal hemody-
namic shock).

For the estimation of the neurological status at inclusion, neonatologists
were provided with a list of items for the neurological examination:
neonatal level of vigilance, tone, reactivity, archaic reflexes, and clinical
seizures or mydriasis. Moderate HIE was defined by lethargy, hyper-reflexia,
myosis, bradycardia, seizures, hypotonia with a weak suck and poor Moro
reflex; and severe HIE by stupor, flaccidity, small to mid-position pupils that
react poorly to light, decreased stretch reflexes, hypothermia or absent
Moro reflex.'®

Neonates with congenital malformations, chromosomal disorders, and
congenital neuromuscular disorders were not included or were subse-
quently excluded. Details about the cohort are available elsewhere.'® In the
current study, the analysis was restricted to newborns born at > 36 weeks'
gestation, receiving TH, with at least one MRI scan performed between day
(D) 0 and D12 of life. MRI scans performed after the second week of life
were not included.

Data collection

Perinatal factors. Maternal characteristics included mode of delivery
(cesarean, instrumental, or non-instrumental vaginal delivery), outborn
birth (birth outside a center with TH access), and acute perinatal event, and
the presence of fetal heart abnormalities.

Patient characteristics included gestational age, birth weight, sex, Apgar
score at 5 and 10 min, intubation in the delivery room, moderate/severe NE
according to Sarnat grade (grade Il and Ill),'® biological parameters such as
pH and lactate level at birth, glycemia at admission, hypoglycemia during
the first 24 h (defined as glucose level < 2.2 mmol/l), C-reactive protein
level during the first 72 h of life, time to reach 34 °C with TH (hours), and
seizures (clinical or electroencephalographic) during hospitalization.

Pediatric Research (2022) 92:880 - 887

J. Beck et al.

MRI.  MRI data were prospectively collected with a common reporting
template developed by an expert committee of pediatric radiologists in
France (Supplementary data 1) and were all validated by a senior pediatric
radiologist for each center. No central MRI reading was done. Data used for
this study was taken from these clinical reports and included the timing of
MRI acquisition, type of sequence (at least DWI, T1, and T2 weighted
imaging), quality of scans (“good or excellent” with no artifact on the three
axial DWI, T1, and T2 sequences or poor/uninterpretable with artifacts
present on at least one of the three sequences), presence of injuries
according to seven brain regions of interest (BGT, WM, cortex, PLIC, corpus
callosum, brainstem, and cerebellum). We used the Rutherford classifica-
tion® to evaluate the injury severity in the four regions of interest as
initially described: normal, mild, moderate, or severe BGT, WM and cortex
injuries; equivocal or abnormal PLIC signal. We adapted this classification
for three supplementary regions: corpus callosum (splenium/knee),
brainstem (midbrain/pons/medaulla), and cerebellum (hemisphere/vermis).
Mild-moderate injury was defined as the involvement of one sub-location
for the small structures: corpus callosum and brainstem. For example, a
single injury of splenium or pons was considered as mild-moderate; an
injury including splenium and knee for the corpus callosum or midbrain,
and pons for brainstem was considered as severe. For the cerebellum, a
unilateral injury of a hemisphere or of the vermian lonely was considered
as mild-moderate. Vermian injury associated with unilateral or bilateral
hemispheric injury, was considered severe.

The single or multiple locations of brain injuries were defined according
to the number of injured regions of interest. Multiple brain injury was
defined as injury present in more than one region of interest (i.e., BGT,
cortex, WM).

For infants who underwent MRI several times before 12 days of life, only
the MRI scan with the most severe findings was taken into account.

MRIs performed after 12 days of life were not used in this study because
the average time to perform these MRIs (25 + 22 days), the indication and
expected information did not seem comparable to those performed before
12 days of life.

Of note, no common national HIE-TH imaging protocol was available
during the study. MRI was performed at the discretion of the physician.

Outcomes at discharge. Neurological examination at discharge was
evaluated according to 7 items: consciousness, axial and peripheral tone,
spontaneous motor skills, posture, sucking and pupillary reflex. For each
item, 3 qualifications were proposed: normal, moderate, and severe. All
items had to be normal for the examination to be considered normal.

Data management and statistics

The characteristics of the two groups of infants with and without MRI were
compared. MRI scan timing and sequences were described. The severity of
the injuries in the seven regions of interest and the single or combined
characteristics of injuries in the three main regions (BGT, WM, and cortex)
were described. Finally, the association between brain patterns and the
short-term outcome was reported.

Data are described with a mean (+standard deviation) for quantitative
variables and number (percentage) for categorical variables. Groups were
compared by Fisher exact test for categorical variables and Mann-Whitney U
test for quantitative variables. All tests were 2-sided; P < 0.05 was considered
statistically significant. Statistical analyses involved using Intercooled STATA
v16 (Stata Corp., College Station, TX).

Ethics

Informed consent was obtained from both parents. The study protocol was
approved by the Advisory National Committee on the treatment of
personal health data for research purposes (Comité Consultatif sur le
Traitement de I'Information en matiére de Recherche sur la Santé, reference
no. 14.724). Authorizations were obtained from the National French data
protection authority (Commission Nationale Informatique et Libertés, DR-
2015-136) and the regional ethics committee (Comité de Protection des
Personnes Sud Est; Institutional Review Board no. 5891).

RESULTS

Population

Among 794 newborns enrolled in LyTONEPAL, 575 were eligible
for the study and 479 underwent MRI, performed in 57 of the 61
participating centers (Fig. 1). Infants without MRI data had the
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LyTONEPAL infants
(N=794)

Excluded infants (N =219)
- Term < 36 wg (n=58)
- NE grade | (n=71)

- NoTH (n=90)
Eligible infants
(N=575)
Infants with unavailable MRI < D12 (N =79)
- No MRI (n = 36)
- MRI with missing data (n = 43)
Infants with MRI > D12 (N=17)
Infants with
available MRI
(N =479)

Fig. 1 Flow of participants in the study. wg weeks' gestation, NE
neonatal encephalopathy, grade I-Il-lll according to ref. '® TH
therapeutic hypothermia, D day.

poorest neonatal adaptation, showed more severe NE, and had a
higher rate of death as compared with infants with MRI data
(Table 1). The time to reach 34°C was similar in the two groups
and was 6.0 £4.3 h for the group with MRI.

French brain MRI practices

All living infants included in this study had at least one MRI
between 0 and 12 days of life. Of note, a majority of them (337 (N
=479, 70%)), underwent MRI between 4 and 7 days of life. Both
DWI and conventional sequences were performed in more than
95% of MRI scans (Fig. 2). The MRI quality was considered good or
excellent for 441 scans (92.1%), poor for 21 (4.4%), and unknown
for 17 (3.5%).

In total, 450 (N =479, 93.9%) infants underwent a single MRI
and 29 had two MRI scans within the first 12 days of life. Among
these 29 infants, 26 had concordant MRI results (12 with normal
MRI and 14 with brain injuries). Three infants had a slightly
different interpretation (for one infant, the most severe MRI image
was the first MRl on day 4 (severe WM injury), and for the two
other infants, the second on days 7 and 8 was the most severe
(mild-moderate BGT and WM injuries for one, mild-moderate WM
and cortex injuries for the second)).

Injury patterns and their incidence

MRI findings were normal for 231 (N = 479, 48.2%) infants. Among
the remaining 248 (N = 479, 51.8%) infants, 242 had brain injuries
located in BGT (n =157, 63.3%), WM (n = 148, 59.7%) and cortex
(n =114, 46.0%). Four other injury locations were observed: PLIC
(n =172, 29.0%), corpus callosum (n =56, 22.6%), brainstem (n =
39, 15.7%), and cerebellum (n =23, 9.3%). The injury severity is
detailed for each region of interest, BGT, WM, cortex and PLIC,
corpus callosum, brainstem and cerebellum (see “Methods”
section) in Fig. 3 and Supplementary data 2. The distribution
between mild-moderate and severe injuries was approximately
balanced for all regions except for severely damaged PLIC for two-
thirds of the infants.

For 155 infants (N = 248, 62.5%), brain injuries were reported in
more than one region (multiple injuries). The association of the
three main injured structures are detailed in Fig. 4.

PLIC, corpus callosum, brainstem and cerebellum injuries were
mainly associated with the three predominant structures: PLIC
(n =66; 91.7%) and brainstem (n =37, 94.9%) with BGT; corpus
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callosum (n =49, 87.5%) with cortex; cerebellum (n =18, 78.3%)
with WM. Atleast 57 single BGT injuries (23.0%) and 14 single
cortex injuries (5.6%) were observed.

MRI patterns and short-term outcome

Associations of MRI patterns with the short-term outcome are
detailed in Table 2. The clinical examination at discharge was
performed at a mean of 16 + 11 days. Infants with normal MRI or a
single injury had the lowest death rate and the highest normal
clinical examination scores at discharge. Of note, infants with MRI-
evidenced WM and cortex injuries had a similar outcome
compared to infants with BGT single injury. Infants with combined
cerebral injuries, especially when BGT, cortex, and WM lesions
were associated, had a higher death rate (63.3%, 95% Cl
48.3-76.6). Surviving infants with this MRI pattern frequently had
an abnormal examination at discharge (20.4%, 95% Cl 10.2-34.3).

DISCUSSION

This prospective population-based cohort detailed the practice of
neuroimaging in France and the panorama of brain injury patterns
observed in infants in a context of NE treated by TH. MRI scans
(70%) were performed soon after TH between 4 and 7 days after
birth. Notably, 48.2% of the infants had normal MRI findings.
Among the brain-injured infants, the most frequent injured
structures were BGT, WM, and cortex. Single structure injuries
were rare. Most of the infants with normal MRI or a single injured
structure (WM or cortex) survived and had a normal clinical
examination at discharge.

MRI practices in NE

In 2014, the American College of Obstetricians and Gynecologists
recommended performing early and late MRI between 24 and 96
h and 7 and 21 days of life, respectively, to delineate the timing of
the perinatal cerebral injury and the full extent of cerebral injury.?’
Recent studies report that early MRI with DWI sequences could be
reliable to investigate brain injury and improve patient care.>>*

Our study showed different practices: a single MRI was mostly
performed between 4 and 7 days of life, just after the rewarming.
These MRI sessions were performed with adequate sequences
including DWI and conventional T1-T2 sequences. The quality of
the images was evaluated as very good by radiologists in
most cases.

Despite these previous recommendations, there is still ongoing
debate as to the optimal timing and conditions of MRI for NE
patients.>#%22% With DWI sequences and TH implementation, MRI
is performed earlier, during the first days of life. Several authors
have observed good agreement between DWI sequences in early
MRI and conventional T1-T2 sequences in late MRI.?>?* Our results
do not disprove these findings, showing non-significant differ-
ences for the infants who underwent MRI twice. The large
implementation of DWI sequences and the improved experience
of early MRI reading with DWI sequences could explain the
change in practice observed in this current cohort. No common
imaging protocol for NE-HIE exists in France, nor in others
countries despite the multiple recommendations found in the
literature.?*™?8 The lack of common protocol maybe because that
access to MRI varies widely across centers and according to
whether individual patient conditions require rapid information or
not. Clearly, the 4--7 days timing appears as the ideal window of
opportunity for NE-HIE patients in France.

Characteristics of MRI patterns in the era of TH

A notable finding of this present study was the high rate of normal
MRI findings. Some authors reported variable rates for normal MRI
under hypothermic conditions ranging from 17 to 62% (12-89
patients).">?*>" In a similar way, BGT injury frequency varied
notably in the literature (10-60%), and we observed a higher
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* 29 hormal (0), mild (1), and moderate (2)

combined in a single grade, severe (3), except for PLIC with mild-moderate=unilateral and severe=bilateral. Corpus callosum: splenium/knee,
brainstem: midbrain/pons/medulla, cerebellum: hemisphere/vermis, for each, was defined as normal (0), mild-moderate (1) as the involvement

of one item, and severe (2) as the involvement of more than one item.

frequency (63.3%) in our study when infants had cerebral
injuries.’>>? These discrepancies might be explained by differ-
ences between the studies in term of the maternity level of care,
patient recruitment, normo- or hypothermic conditions, the
number of inclusions and participative centers, gestational age
(preterm infant enrollment), MRI timing, and year of publication
(technological improvement). Finally, the distribution of WM and
cortex injuries in our study agrees with the literature,'>3'3334

Combined injuries were observed for most of the newborns
with abnormal MRI ﬁndings. These injury patterns were similarly
reported in the literature.>®~"" This result may suggest that NE due
to a hypoxic-ischemic event is a diffuse disease.

SPRINGER NATURE

In our cohort, injuries of the corpus callosum and cerebellum
were observed but were not predominant. These injuries were
reported almost exclusively in association with cortical or WM
injuries. In the literature, few reports described infra-tentorial and
corpus callosum injuries, except for secondary cerebellum atrophy
seen several weeks or months after the initial brain injury.>>’
Corpus callosum injury should be considered a secondary axonal
disruption due to WM damage. The nature of cerebellum injuries
was not detailed by radiologists in our study.

The cerebellum and corpus callosum should be identified as
possible injury locations in NE resulting from HIE in the early
neonatal period.
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MRI pattern and outcome at discharge

All but one infant with normal MRI findings survived, and 68.4% of
them had a normal examination at discharge. The outcome of
patients with a single WM or cortex injury was quite similar.
Conversely, patients with more than one brain injury structure had
a higher rate of death or abnormal examination at discharge.
Indeed, when the three predominant injured structures (BGT, WM,
cortex) were combined, the death rate reached 50%. This data
needs to be interpreted with caution as a death in this context
often occurred after a redirection of care.

Clinical examination at discharge did not reflect MRI findings.
Brain functions are not mature at birth and the sensitivity of
clinical examination will increase with age.*®*° Timing to the last
sedative drug administration from discharge, parental depression
influencing interaction, post-natal age of the infant at discharge
may also have interfered. A validated neonatal clinical examina-
tion grid and a parental assessment such as the Brazelton scale®
were not carried out, which may explain this result. Furthermore,
MRI provided anatomical but not functional information. Correla-
tion with the neurological outcome at 18 months and 3 years is

WM
(N=148)

N=14

Cortex
(N=114)

Fig. 4 Associations of the main patterns of brain injuries (n = 242).
BGT basal ganglia thalami, WM white matter.
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needed to conclude definitively about the prognostic value of
both the clinical examination at discharge and the MRI finding.

In the literature, cerebral injury is associated with an unfavor-
able prognosis.*' Kasdorf et al. observed death or neurodevelop-
mental abnormalities (spastic quadriplegia, cognitive delay) at age
3 years for 88% of infants with BGT injury.”> Shankaran et al.
observed a strong association between MRI severity score and
outcome,*? with good predictive value as well as good sensitivity
and specificity of MRI for neurodevelopmental outcome at age
6-7 years.”®

Long-term follow-up of the LyTONEPAL cohort will provide
valuable information concerning the relation between structural
injuries, discharge examination and long-term neurodevelopmen-
tal outcome.

Strengths and limitations

This study was a population-based cohort representative of the
French experience in NE several years after the implementation of
TH in France. This is the largest multicentric cohort study designed
for MRI to investigate neonates treated with hypothermia. The
standardization of the MRI protocol, a structured report, and
radiologist experience in French level Ill maternity units ensured
the quality of results. The classification in seven brain regions,
including the description of the infra-tentorial injuries, provided
updated data.

Nevertheless, the MRI data obtained from multiple centers,
without centralized reading, may have introduced bias. The
patients without MRI differed from the study group in terms of
disease severity, and thus their poor neonatal adaptation and a
higher rate of death could imply selection bias. The discharge
neurological exam in LyTONEPAL study was standardized (tone,
alertness, sucking, and pupillary reflex), but as we know, the
clinical exam is ultimately dependent on the experience and the
insight of the physician, which may influence the reproducibility
of the results.

CONCLUSION

This study updates the panorama of brain MRI injury patterns in
hypoxic-ischemic newborns evaluated within one week after birth
in the era of therapeutic hypothermia, confirming the large
predominance of basal ganglia/thalami injuries and the existence
of other less identified locations such as the cerebellum and corpus
callosum Half of the infants had normal findings and less than a
quarter of the population had multiple injuries on MRI, thus

Survival with clinical examination at discharge

Abnormal Missing data
% (95% Cl) N % (95% CI) N % (95% CI)
68.4 (62.0 to 74.3) 29 12.6 (8.6 to 17.5) 43  18.6 (13.8 to 24.2)

Table 2. MRI and short-term outcome (n = 479).
Death
Normal
N % (95% Cl) N
Normal MRI (N =231) 1 0.4 (0.0 to 2.4) 158
Main MRI pattern (N = 242)
Cortex (N=14) 0 0.0 (0.0 to 23.2) 10
WM (N =43) 6 14.0 (5.3 to 27.9) 25
BGT (N=57) 10 17.5 (8.7 to 29.9) 27
WM + cortex (N =28) 5 17.9 (6.1 to 36.9) 13
BGT + WM (N = 28) 8 28.6 (13.2 to 48.7) 9
BGT + cortex (N = 23) 12 52.2 (30.6 to 73.2) 4
BGT + WM + cortex (N =49) 31 63.3 (48.3 to 76.6) 7
Others® (N = 6) 1 16.6 (4.2 to 64.1) 4

BGT basal ganglia thalami, WM white matter.
#Others = single location corpus callosum (n =2) and cerebellum (n = 4) injuries.
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71.4 (41.9 to 91.6) 21.4 (4.7 to 50.8) 1 7.1 (0.2 to 33.9)
58.1 (42.1 to 73.0) 14.0 (5.3 to 27.9) 6 14.0 (5.3 to 27.9)
47.4 (34.0 to 61.0) 16 28.1 (17.0 to 41.5) 4 7.0 (1.9 to 17.0)
46.4 (27.5 to 66.1) 9 32.1 (15.9 to 52.4) 1 3.6 (0.1 to 18.3)
32.1 (15.9 to 52.4) 9 32.1 (15.9 to 52.4) 2 7.1 (0.9 to 23.5)
17.4 (5.0 to 38.8) 6 26.1 (10.2 to 48.4) 1 4.3 (0.1 to 21.9)
14.3 (5.9 to 27.2) 10 20.4 (10.2 to 34.3) 1 2.0 (0.1 to 10.9)
66.7 (22.3 to 95.7) 1 16.6 (4.2 to 64.1) 0 0.0 (0.0 to 45.9)
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suggesting that therapeutic hypothermia may reduce brain injuries.
Correlation with the neurodevelopmental outcomes is needed.

With improved sequences and techniques in detecting brain
injury, MRI is now performed earlier, between 4 and 7 days,
depending on of the clinical situation of the newborn.

The clinical examination at discharge did not reflect MRI
findings because the clinicians did not use the assessment grid
which included standardized items.

Follow-up of these patients is in progress and will provide data
to validate the MRI prognostic value.
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