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Abstract

Purpose The most severe form of profound asphyxia in neonates is now known as “total brain injury,” which forms part of the
clinical spectrum of hypoxic-ischemic encephalopathy (HIE). Although the magnetic resonance (MR) imaging features of total
brain injury remain to be determined, a widespread hyperintensity of the supratentorial brain, known as the “white cerebrum
sign,” has been reported in diffusion-weighted images (DWI).

Methods We examined four neonates who developed severe profound asphyxia.

Results In the first week of life, all neonates showed the white cerebrum sign on DWI. A follow-up of these cases over a period of
1 month revealed diffuse bilateral multicystic encephalomalacia (MCE) as well as shrinkage of the basal ganglia and thalami
(BG/T). These MR findings were common to all neonates, and all the neonates had severe adverse clinical outcomes.
Conclusion Neonates, who exhibit the white cerebrum sign on MR imaging due to profound asphyxia, develop major disabilities,

and MCE with shrinkage of the BG/T suggests miserable outcomes.
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Introduction

A lack of blood and oxygen supply to the brains of neonates
can result in brain injury termed hypoxic-ischemic encepha-
lopathy (HIE). HIE can be caused by two different patterns of
asphyxia: partial or profound [1, 2]. The resulting hypoxia-
induced brain damage revealed by magnetic resonance (MR)
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imaging can be classified into two major categories. The first
is a peripheral pattern caused by prolonged partial asphyxia,
and the second is the basal ganglia and thalami (BG/T) injury
pattern that is caused by transient profound asphyxia. More
recently, a new category known as “total brain injury” has
been reported [3]. This represents the most severe form of
profound asphyxia. This severe form of injury revealed by
magnetic resonance imaging (MRI) is considered to be a con-
sequence of prolonged as well as profound asphyxia and ex-
hibits a “white cerebrum sign” on diffusion-weighted images
(DWI) [4]. Such cases of severe brain injury in infants have
been rarely reported in literature, and thus, the MRI character-
istics during the natural progression of total brain injury re-
main unclear. Our aim in the present study was to clarify the
clinical outcomes and the latter MRI features of four infants
with total brain injury.

Methods

This study was approved by the institutional review board of
the Japanese Red Cross Kyoto Daiichi Hospital(JRCKDH).
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Table 1 Characteristics and clinical progression of four cases

Cases 1 2 3 4

Birth data Female Female Female Female
41wo6d 36w5d 40w6d 41wld
3120 g 2679 g 3541 g 2794 g
Apg. 2/5 Apg. 1/1 Apg. 0/0 Apg. 1/4

Cause Protraction Placental abruption Uterus rupture Protraction

Sarnat grade 11 I 11 I

Treatment HT (head) HT (head) HT (body) HT (body)

Outcome Spastic tetra Spastic tetra Tubal feeding Tubal feeding
Paralytic hip joint Tubal feeding Arttificial respiration
Subluxation Heat moisture exchanger Urethral catheterization
Intellectual disability Epilepsy

GMFCS \% \% \% \%

Follow-up span 6 yr 2 yr 3 mo 3 mo

Apg. Apgar score at 1 min/5 min, H7 hypothermia, yr years, mo months

Oral informed consent was obtained from the parents or
guardians of the neonates.

Subjects
Between January 2005 and January 2016, 2068 neonates were
treated at the neonatal intensive care unit of JRCKDH. Among

them, 59 underwent MRI examination within 1 week of birth
for suspected HIE, and 53 of them were clinically diagnosed

Table2 MRI findings

with HIE. MR images revealed the peripheral pattern injury in
13 neonates, BG/T pattern in 10 neonates, and the white ce-
rebrum pattern in 4 neonates. The remaining 26 patients did
not exhibit any remarkable signs on MR images.

Four neonates with the white cerebrum pattern are the sub-
jects of this report. The white cerebrum sign is characterized
by widespread supratentorial high-signal intensity on DWIL.
Two radiologists who had 30 years and 3 years of experience,
respectively, in the field of pediatric neuroradiology, identified

Cases 1 2 3 4
First d.a.b. 1 3 4 2
Findings Total brain injury Total brain injury Total brain injury Total brain injury

HI in both DNs on DWI HI in both DNs, BS
on DWI
ADC 0.53 041
Second d.a.b. 15 9
Findings SNN/BGT SNN/BGT
Cystic change in DWM Absence of PLIC

Patchy He of cortex/subcortex HI of DNs/BS on TIWI

in cerebrum
Widespread HI in cortex
on TIWI
Third d.ab. 39 34
Findings MCE MCE
Shrinkage of BGT Shrinkage of BGT

Patchy He in occipital lobe

Widespread HI of cortex on TIWI LI obvious and widespread

HI in BS, vermis on DWI HI in midbrain on DWI
He in both LV

045 0.50

11 13

SNN/BGT SNN/BGT

Absence of PLIC Absence of PLIC

Cystic change in DWM Cystic change in subcortex

HI in midbrain on T1WI

in BGT, BS on T2WI
HI in cortex on TIWI
Obvious LI in cortex of
peri-rolandic area on T2WI
He in both LV
Patchy He in cerebellum
33

MCE
Shrinkage of BGT

Widespread HI in cortex
on TIWI
Linear HI in TIWI of DWM

30

MCE
Shrinkage of BGT

Shrinkage/HI of DWM on TIWI  Shrinkage/HI of DWM,

Patchy He in cerebellum

midbrain on TIWI

d.a.b days after birth; ADC ADC score of basal ganglia and thalami, average (x 10° mm? /s); TBI total brain injury; DNs dentate nuclei; BS brainstem; LV
lateral ventricle; SNN suggested neuronal necrosis; BGT basal ganglia and thalami; PLIC posterior limb of the internal capsule; DWM deep white matter;
MCE multicystic encephalomalacia; HI hyperintensity; DW/ diffusion-weighted image; He hemorrhage; 7/ WI T1-weighted image; 72W/ T2-weighted
image; LI low intensity
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DWI

First phase (3 days after birth)

ADC

T1WI T2WI

Third phase (34 days after birth)

Fig. 1 MRI findings in case 2. DWI during the first phase (3 days after
birth) shows widespread and symmetric hyperintensity in the cerebrum
compared with a normal signal in the cerebellum, except in the dentate
nucleus, vermis, and tegmentum of the midbrain, and decreased ADC (a—
¢). Deep white matter does not show higher intensity than the cortex or
deep gray matter (a). DWI during the second phase (9 days after birth)
shows symmetric hyperintensity in the deep white matter (d) and
decreased ADC in the deep white matter (e). TIWI shows

these four neonates with total brain injury on a consensus

basis. The evolution of the clinical and imaging features in
these cases was retrospectively reviewed.

Apgar score

The Apgar score was used to assess neonates 1 minute and
5 minutes after birth [5]. Five minutes after birth, scores above

hyperintensity in the deep gray matter, while T2WI shows
hypointensity. TIWI demonstrates widespread hyperintensity in the
cortex of both the dentate nucleus and brainstem, with absence of the
posterior limb internal capsule (f, g). During the third phase (34 days
after birth), there is widespread cystic change in the cortex and white
matter of the cerebrum, with marked shrinkage of the deep gray matter
(h, i)

7 are considered to be good. Low Apgar scores have been
correlated with increased mortality and are suggested to in-
crease the risk of cerebral palsy.

Clinical staging of HIE and treatments

HIE staging was based on clinical examination using the mod-
ified Sarnat staging system [6]. This system assesses muscle
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tone and tendon reflexes, consciousness levels, and seizures
and categorizes the neonates into three grades: mild (I), mod-
erate (II), and severe (III). Based on this staging system and
following the CoSTR guidelines for neonatal resuscitation [7],
all four neonates in this study underwent treatment for
hypothermia.

MR imaging

All neonates underwent a second examination 1 to 2 weeks
after birth and a third examination approximately 1 month or
more after birth. We used an eight-channel head coil on 1.5-T
scanners (Ingenia or Achieva; Philips Medical Systems, Best,
the Netherlands). All four patients underwent routine clinical
pulse sequences, including spin-echo T1-weighted imaging,
fast spin-echo T2-weighted imaging, T2*-weighted imaging,
and diffusion-weighted (DW) imaging. The apparent diffu-
sion coefficient (ADC) was measured at the bilateral basal
ganglia and thalami, and average values were calculated as
described [8].

Clinical outcomes

The outcomes were judged using the Gross Motor Function
Classification System (GMFCS) as described previously [9].
This system utilizes a five-level classification system that as-
sesses functional mobility with level V indicating the greatest
impairment. While the grading system in infants below the
age of two is not well defined, level V indicates a lack of
ability to maintain antigravity head and body posture. In ad-
dition, their medical charts were reviewed to confirm if they
had a diagnosis of epilepsy or had other clinical symptoms.

Results
Clinical course (Table 1)

All four neonates were born at term (3641 weeks) and were
females. The mode of delivery involved a suction cup or
Cesarean section in all cases. The causes of HIE were variable
and included protraction and uterine rupture. The degree of
HIE in terms of the Sarnat score was moderate to severe. All
four neonates were treated for hypothermia and also
underwent further treatment depending on their individual
conditions. Two underwent tracheostomy, one required venti-
lator support, two required continuous oropharyngeal suction,
and three required tube feeding. All four neonates could not
perform any purposeful action by themselves and required full
assistance for their daily life activities in the chronic phase.
This was equivalent to a GMSCF score of V.

@ Springer

Fig.2 MRI findings in three cases. Case 1 (a—f). DWI during the first phase P>
(1 day after birth) shows asymmetric but widespread hyperintensity in the
cerebrum, compared with normal signal in the cerebellum. The cortex and
deep gray matter show greater hyperintensity as compared to the deep white
matter (a, b). TIWI during the second phase (15 days after birth) shows
symmetrical hyperintensity in the deep gray matter and cortex, asymmetrical
hypointensity in the subcortex and deep white matter, suggesting cystic
change, and absence of the posterior limb internal capsule. Patchy new
hemorrhages are evident in the cortex and subcortex of the frontal,
temporal, and parietal lobes as clear hyperintense areas (c¢). T2WI during
the second phase shows symmetrical hypointensity in the deep gray matter,
and asymmetrical clear hyperintensity in the deep white matter (d). T2*-WI
during the second phase shows patchy low intensity signal in the cortex and
subcortex of the frontal, temporal, and parietal lobes with no hypointensity in
the deep gray matter (e). During the third phase (39 days after birth), there is
widespread cystic change in the cortex and white matter of the cerebrum and
shrinkage of the deep gray matter (f). Case 3 (g-1). DWI during the first
phase (4 days after birth) shows widespread hyperintensities in the whole
cerebrum and brainstem with the cortex and deep gray matter showing
increased hyperintensity as compared to the deep white matter (g, h).
T1WI during the second phase (11 days after birth) reveals
hyperintensities in the deep gray matter and cortex, hypointensity in the
subcortex and deep gray matter, and absence of the posterior limb sign.
There is clear hyperintensity in the trigone of both lateral ventricles (i).
T2WI during the second phase shows symmetrical hypointensity in the
deep gray matter, and hyperintensity in the subcortex and deep white
matter (j). T2*-WI during the second phase indicates low intensity signal
in the trigone of both lateral ventricles with no hypointensity in the deep gray
matter (k). During the third phase (33 days after birth), there are widespread
cystic changes in the cerebrum and shrinkage of the basal ganglia and
thalami (I). Case 4 (k—o0). DWI during the first phase (2 days after birth)
shows widespread hyperintensity in the cerebrum and midbrain with the
cortex and deep gray matter showing increased hyperintensity compared to
the deep white matter (m, n). TIWI during the second phase (13 days after
birth) demonstrates symmetrical hyperintensity in the deep gray matter and
cortex with cystic changes clearly evident in the subcortical areas (o). T2WI
during the second phase shows symmetrical hypointensity in the deep gray
matter and hyperintensity in the subcortex (p). T2*-WI during the second
phase shows low intensity in the deep gray matter (q). During the third phase
(30 days after birth), there are widespread cystic changes in the cerebrum and
shrinkage of the basal ganglia and thalami as well as shrinkage of and
hyperintensity in the deep white matter, revealed by T1WI (r)

MRI findings (Table 2, Figs. 1 and 2)

All four neonates demonstrated widespread hyperintensity of
the supratentorial brain on initial DWI performed within the
first week of life. This was in marked contrast to the almost
normal appearance of the cerebellum, except for some hem-
orrhage or limited high-signal intensity in the dentate nuclei.
This combination of features is known as the white cerebrum
sign. The ADC for the deep gray matter post asphyxia was
decreased to 0.47 x 10> +0.046 mm?*/s (mean + SD), sugges-
tive of severe injury. DWI showed superior hyperintensity in
the cortex as well as deep gray matter within the first week of
life. In the second week of life, the deep white matter
displayed increased hyperintensity.

MRI in the second week of life revealed abnormality of the
bilateral BG/T characterized by hyperintensity on T1WI in all
four neonates. This hyperintensity in T1WI was suggestive of
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neuronal necrosis [10] and not hemorrhage. Some subcortical
areas showed articulate low intensity on TIWI (with an ex-
ception of case 2), suggesting cystic changes. There was
hypointensity observed on T2W1 and T2*WTI that was vari-
able across the four neonates.

Beyond 1 month of life, MRI strongly suggested
multicystic encephalomalacia (MCE) that was associated with
shrinkage of the bilateral BG/T.

Discussion

All the neonates showed total brain injury within the first
week of life. This phenomenon was first reported as “white
cerebrum” by Vermeulen et al. in 2002 [4], and later, Ghei

et al. adopted the term “total brain injury” [3]. Total brain
injury has been described in only five neonates, and none of
them survived. As a consequence, no details of their natural
courses have been described [4]. While severe brain injury as
seen in this study is known as white brain [11] or cerebral
hemispheric devastation [12], the progression patterns of the
MRI features of total brain injury remain poorly understood.
DWTI in all neonates changed dramatically from the first
phase to the second. In the first phase, the white cerebrum
sign was apparent and the deep white matter did not show
much hyperintensity when compared to the cortex and deep
gray matter. In the second phase, the deep gray matter in all
neonates showed superior hyperintensity with decreasing
ADC. Our findings support one theory of HIE that illustrates
rapid brain changes during the early phase of total brain injury
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[13]. The progression of the early MRI findings of the four
neonates emphasizes the fact that the white cerebrum sign
does not necessarily indicate uniform hyperintensity in the
supratetrial area using DWL

The present study elucidates the natural course of total
brain injury. The four neonates showed MR injury patterns
indicative of neuronal necrosis or hemorrhage [10] in the sec-
ond week of life. Beyond the first month of life, bilateral MCE
and shrinkage of the BG/T were evident. These results suggest
that the brains of full-term infants who have suffered severely
prolonged and profound asphyxia show a white cerebrum
pattern followed by MCE and shrinkage of the BG/T.

MCE is a long-term feature that may have various etiologies
[14, 15]. Several reports have indicated that it is one of the
outcomes of severe and/or prolonged partial asphyxia with an
extremely unfavorable prognosis for the hypoxic area [16, 17].
While some studies have considered MCE as an additional
category of hypoxic-ischemic brain injury [10], our study re-
vealed a total brain injury pattern more severe than the typical
MCE. Interestingly, several studies have reported that MCE
and BG/T neuronal necrosis can coexist in neonates with se-
vere asphyxia [18, 19]. Our MRI findings at the different stages
demonstrate a white cerebrum injury pattern in the early phase
followed by MCE and shrinkage of the BG/T in the latter
phase, thus providing additional support to these findings.

Apart from the characteristic MRI findings in these neo-
nates with total brain injury, the clinical outcomes were all
unfavorable. While all the four neonates survived to date, they
had a very poor prognosis upon discharge. One of them
showed mental retardation and epilepsy by the age of four.

This study has a few limitations. The sample size is small, and
the period of observation is relatively short for effective evalua-
tion of outcomes. However, this study provides valuable infor-
mation on the evolution of MRI features in total brain injury.
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