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HYPOXIC — ISCHEMIC BRAIN INJURY

Research Plan
* Categorise the patterns
* Classify the central patterns
Identify a new undescribed pattern
* Classify the watershed patterns
Identify a biomarker for HIBI in watershed patterns

* Other aspects
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This article provides a correlation of the pathophysiology and magnetic resonance imaging
(MRI) patterns identified on imaging of children with hypoxic ischemic brain injury (HIBI).
The purpose of this pictorial review is to empower the reading radiologist with a simplified
classification of the patterns of cerebral injury matched to images of patients demonstrating
each subtype. A background narrative literature review was undertaken of the regional,
continental and international databases looking at specific patterns of cerebral injury related to
perinatal HIBI. In addition, a database of MRI studies accumulated over a decade (including a
total of 314 studies) was analysed and subclassified into the various patterns of cerebral injury.
Selected cases were annotated to highlight the areas involved and for ease of identification of
the affected substrate in daily practice.
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FIGURE 2: Contextual framework of the narrative review process for term
neonatal hypoxic ischemic encephalopathy and the resultant neuroimaging
patterns.
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TABLE 1: The basic patterns of magnetic resonance imaging abnormalities in
hypoxic ischemic encephalopathy.

Subtype of HIBI Anatomical structure Timing and severity of insult
involved

Acute profound Deep nuclei/perirolandic/ Sudden/profound hypoxic
ischemia hippocampus episode

Partial prolonged Cerebral intervascular Prolonged, moderate/or
ischemia watershed areas intermittent

Mixed injury Deep nuclei/cortex and Severe, relatively brief.
watershed areas May be prolonged.

Type 1 cystic Cerebral cortex, white matter  Severe prolonged anoxia
encephalomalacia  sparing the basal nuclei

Type 2 cystic Cerebral cortex, white matter  Severe, with acute profound
encephalomalacia  as well as basal nuclei anoxia

Cerebral = Cortex and subcortical/central white matter involvement, especially
parasagittal/watershed territory.

Deep nuclei = Thalamus, Putamen, +Caudate nucleus.

White matter = Periventricular and central cerebral white matter.

HIBI, hypoxic ischemic brain injury.
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FIGURE 1: Pathogenesis of hypoxic ischemic encephalopathy*? mediated by sodium potassium adenosine triphosphatase pump failure leading to cytotoxic oedema and
early cell necrosis, apoptosis via glutamate-induced excitotoxicity and necroptosis by tumour necrosis factor-o-induced cascade.
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FIGURE 3: Diagrammatic representation showing redistribution of visceral blood
supply to the brain, but failure of cerebral autoregulatory mechanisms to
redirect perfusion to the high metabolic zones of the brain.
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TABLE 3: High metabolic zones of the brain with highest concentration of
N-methyl-D-aspartate receptors.

Perirolandic sensorimotor strip

Thalami (ventral posterior lateral nuclei)

Lentiform nuclei (posterior putamen)
Hippocampi and parahippoocampal gyri
Optic radiation

Heschl’s gyrus at primary auditory cortex
Anterior superior cerebellar vermis

Tegmentum of midbrain and pons
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FIGURE 4: Two-week-old neonate born with grade 3 hypoxic ischemic brain injury and neonatal seizures. (a) An axial T1-weighted sequence showing signal shortening at
the dorsal putamina (yellow arrows) and ventral thalami (green arrows). (b) Note, in addition to the basal ganglia and thalamic changes, the hyperintense signal and
volume loss at both hippocampi (red arrows).
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FIGURE 6: Twenty-seven-day-old male child delivered after abruptio placentae. Axial magnetic resonance imaging images at the level of the basal ganglia demonstrating
bilateral fairly symmetrical dorsal putaminal (yellow arrows) and ventral thalamic (green arrows) hyperintensity because of T1 shortening (a) and corresponding T2-
weighted hyperintensity and established atrophy of these structures (b). Note that the changes have evolved within the first month of life.
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FIGURE 7: The same child as in Figure 6. Axial magnetic resonance imaging at the superior cerebral convexity demonstrating perirolandic cortical ribbon hyperintensity
with T1 shortening (a) on both sides of the central sulcus and T2-weighted hyperintensity of the surrounding sensorimotor cortex (b). Note associated localised parasagittal
cortex (orange arrows) and paracentral lobule (cyanide arrows) involvement.
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FIGURE 8: Three-year-old male child with history of neonatal encephalopathy, low Apgar scores and seizures. (a) An axial T2-weighted sequence image, which does not
demonstrate the perirolandic changes adequately, and these changes would be difficult to diagnose without the axial FLAIR sequence image (b) which shows that the changes are
almost exclusively involving the precentral gyrus.
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FIGURE 9: Four-year-old male child with cerebral palsy. Neonatal history of hypoxic ischemic brain injury-related encephalopathy, seizures, requiring ventilation and
prolonged 4 week stay in ICU. (a) An axial T2-weighted sequence and (b) an axial FLAIR sequence image showing subtle flame shaped dorsal putaminal (yellow arrows)
hyperintensity and smudge-like ventral thalamic (green arrows) hyperintensity bilaterally.
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FIGURE 10: A 2-year-old female child with dystonic cerebral palsy. (a) An axial FLAIR sequence image and (b) an axial T2-weighted image demonstrating even more subtle
signal abnormalities at the dorsal putamina (yellow arrows) and ventral thalami (green arrows). These changes can be very difficult to detect and may be omitted by the
unsuspecting reporter.
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FIGURE 11: A 9-year-old male child who suffered grade 3 hypoxic ischemic brain injury with Apgar scores of zero at 1 min and 7 at 5 min. (a) An axial T2-weighted, (b) a
coronal T2-weighted and (c) a coronal inversion recovery (IR) sequence image demonstrating the left superior cerebellar cortex injury (cyan blue arrows) with localised
atrophy involving the left half of the quadrangular lobule. This is an important review area, as in this case, the injury was omitted by the first reporter.
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FIGURE 12: (a) and (b) are T2-weighted images
in a 3-year-old female child with acute profound
HIBI. (a) Dorsal midbrain tegmentum (cyan blue
arrows) signal changes and (b) superior
cerebellar (orange arrows) injury. (c) and (d) are
coronal T2-weighted and IR sequences in a 7-
year-old female child who presents with
dyskinetic cerebral palsy after grade 2 hypoxic
ischemic encephalopathy. (c) Hyperintensity at
the subthalamic nucleus (red arrows) of the
upper midbrain and (d) corresponding low
signal intensity (white arrows) extending close
to the periaqueductal gray (yellow arrows
indicate putamen and green arrows indicate
thalamus).

Misser SK, Barkovich AJ, Lotz JW, Archary M. A pictorial review of the pathophysiology and classification of the magnetic resonance imaging patterns of
perinatal term hypoxic ischemic brain injury — What the radiologist needs to know... S Afr J Rad. 2020;24(1), a1915. https://doi.org/10.4102/sajr.v24i1.1915



High metabolic
zones-Spared due
to centralization
of perfusion

Cerebral cortex-
Reduced
perfusion

Redistribution of
blood from other
organ systems-
Heart, Liver,
Kidneys

FIGURE 13: Diagrammatic representation of the redistribution of blood away
from the visceral organ systems and cerebral cortex in favour of the most
important central brain structures.
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Phidd

FIGURE 14: Schematic representation of the interarterial external watershed
regions (depicted in yellow overlay) at the centrum ovale. The red arrows FIGURE 15: Schematic representation of the internal watershed regions

indicate the border zone between anterior cerebral artery and middle cerebral (depicted in yellow overlay). The red arrows indicate the susceptible junction
artery territories. The green arrows indicate the border zone between middle zones of the ventriculofugal vessels coursing away from the ventricles and
cerebral artery and posterior cerebral artery territories. ventriculopetal vessels coursing inward from the cortex (blue arrows).
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FIGURE 16: A 2-day-old baby boy presenting with grade 2 hypoxic ischemic brain injury. (a) The diffusion B-1000 trace sequences and (b) the corresponding ADC maps at
leach level. There are focal areas of restricted diffusion involving the parasagittal watershed zones of both cerebral hemispheres.
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FIGURE 17: A 3-day-old baby boy with neonatal seizures after grade 2 neonatal hypoxic ischemic brain injury. (a) The diffusion B-1000 trace sequence and (b) the
corresponding ADC map. Note that the watershed territory involvement in this child is asymmetric, and this is often seen in partial prolonged ischemia subtype.




Pearls of imaging...

Bilateral medial frontal, parietal and occipital watershed injuries may

be asymmetric.
Look out for mushroom-shaped gyri of the ulegyria phenomenon.

Note secondary features of corpus callosum thinning and ex vacuo

dilatation of ventricles.
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FIGURE 19: Axial T2-weighted magnetic resonance images demonstrating severe post-hypoxic injury because of partial prolonged ischemia in three different patients.
Note the spongiosis of the parietal lobes (blue arrows) (a) and frontal lobes (green arrows) (b) associated with ulegyria (yellow arrows) and secondary ventriculomegaly.

(c) The level of centrum ovale demonstrating asymmetric hypoxic ischemic brain injury changes, greater in the left frontal and parietal lobes. This latter pattern of
asymmetric involvement is not an uncommon finding.
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Mixed pattern

FIGURE 24: Axial T2-weighted image at the level of the basal nuclei performed on a
7-year-old male child. There is bifrontal encephalomalacia involving the middle and
inferior frontal gyri (orange arrows) with ulegyria. Subtle hyperintensity is present
at the posterior tips of the putamina (yellow arrows). Note in addition, loss of
volume and more extensive hyperintensity of both thalami (green arrows). The
combination is indicative of a mixed pattern of cerebral injury.
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FIGURE 22: A 2-year-old male child with severe mixed type hypoxic ischemic brain injury. T2-weighted axial images (a) at the level of the centrum ovale demonstrating
parasagittal frontal lobe injury with atrophy beyond the central sulcus and paracentral lobule, involving the superior frontal gyri with ulegyria, (b) at the level of the basal
ganglia shows the hyperintense signal change at the dorsal putamina (yellow arrows) and ventral thalami (green arrows) and (c) at the level of the superior cerebellar
peduncles reveals prominent central tegmental tract (cyan blue arrows) hyperintensity at the dorsum of the pons.
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FIGURE 23: A 7-year-old male child with mixed subtype hypoxic ischemic brain injury. Axial T2-weighted sequence images through the midbrain and pons show dorsal
tegmental (yellow arrows) and central tegmental tract (cyan blue arrows) hyperintensity. Note severe cerebral atrophy and optic atrophy (orange arrows).
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FIGURE 25: A 3-year-old male child with spastic cerebral palsy and blindness. Recorded neonatal encephalopathy with low Apgar scores and neonatal seizures. Axial T2-
weighted, T1-weighted and FLAIR sequence images show extensive cerebral destruction with grey and white matter injury, cystic encephalomalacia and ex vacuo
dilatation of the lateral ventricles.
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FIGURE 26: The spectrum of basal ganglia involvement in association with cystic encephalomalacia shown on coronal T2-weighted images in three children. (a) A 4-year-old
female child with complete sparing of the basal ganglia, thalami and cerebellum. (b) A 2-year-old male child with necrosis of the putamen (yellow arrows) and ventral thalamus
(green arrows) bilaterally. (c) A 4-year-old-male child who suffered severe total anoxia related to abruptio placentae, with birth weight of 3.35 kg and Apgar scores of 1/10 and
3/10. Note near-complete cerebral cystic encephalomalacia, atrophy of lentiform nuclei and severe thalamic destruction.
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FIGURE 20: Two examples of parasagittal cerebral injury in children who suffered sentinel events of placental abruption leading to acute profound ischemia (API). (a) This
figure shows a diamond-shaped expansion of the frontoparietal parasagittal surface convexity, widening the interhemispheric fissure and tapering bilaterally at the far
edge of each central sulcus (red arrows). (b) This figure reveals similar broadening of the extra-axial space because of parasagittal cortex and paracentral lobule injury.
Note the contiguous corticospinal tract Wallerian degeneration (orange arrows), the subsiding centrum ovale scaffold (cyan blue arrows) as well as API-related basal

ganglia (yellow arrows) and thalamic (green arrows) injury.
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Abstract

Aim: To describe the spectrum of parasagittal injury on MRI studies performed on children following severe perina-
tal term hypoxia—ischaemia, using a novel MRI grading system, and propose a new central pattern correlated with
neuropathologic features.

Methods: MR scans of 297 patients with perinatal term hypoxia—ischaemia were evaluated for typical patterns of
brain injury. A total of 83 patients that demonstrated the central/basal ganglia—thalamus and perirolandic pattern
of injury were categorised according to the degree of severity. The perirolandic injury was graded by the degree of
interhemispheric widening, paracentral lobule involvement and perirolandic cortex destruction leading to a tiered
categorisation. Of these 83 patients, 19 had the most severe subtype of injury. A detailed analysis of the clinical data
of a subset of 11 of these 19 patients was conducted.

Results: We demonstrated the mild subtype in 21/83(25%), the moderate subtype in 22/83(27%) and the severe
subtype in 21/83(25%). A fourth pattern was identified in 19/83(23%) patients with a diamond-shaped expansion of
the interhemispheric fissure, concomitant thalamic, putaminal, hippocampal and other smaller substrate involvement
indicative of the most destructive subtype.

Conclusions: We propose a new MR grading system of injury at the parasagittal perirolandic region related to severe,
sustained central perinatal term hypoxia—ischaemia. We also introduce a previously undescribed pattern of injury, the
most severe form of this spectrum, seen especially after prolongation of the second stage of labour. This constella-
tion of high metabolic substrate, targeted tissue destruction is consistently demonstrated by MRI, termed the massive
paramedian injury pattern.

Keywords: Hypoxia—ischaemia in term neonates, Brain, Magnetic resonance imaging, Massive paramedian injury
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BACKGROUND

The pattern of hypoxic—ischaemic brain injury (HIBI) in cases of
profound ischaemia has been well described.

There 1s generally a variable degree of involvement of the basal ganglia
(especially the dorsal putamen) and the ventral thalamus which combines
to create the basal ganglia—thalamus (BGT) pattern.

Associated perirolandic injury, which may be of varying degrees of
severity, is found in combination with the central nuclei destruction,

which we refer to in this review as the Rolandic Basal Ganglia—Thalamus
(RBGT) pattern.
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The term parasagittal cerebral hypoxic—ischaemic

brain injury has been attributed predominantly to watershed
territory involvement in partial prolonged type of

HIBI.

The parasagittal cortex on either side of the
inter-hemispheric fissure is traditionally recognised as a
watershed zone, located between the major arterial territories
supplying the cerebral cortex.

There are however instances where a perirolandic injury may extend
to the far reaches of the primary motor cortex or Brodmann area 4
(BA4) and into the premotor cortex or Brodmann area 6 (BA6),
including the supplementary motor area (SMA) and association
cortex.

It is not uncommon for radiologists to report these injuries as “mixed
patterns” of injury. However, careful examination reveals continuity
of the lesions with no intervening normal cerebral substrate,
indicating that all the affected structures are contiguously destroyed.




Aim: To describe the spectrum of parasagittal injury on MRI studies performed on children following severe perina-

tal term hypoxia—ischaemia, using a novel MRI grading system, and propose a new central pattern correlated with
neuropathologic features.

The purpose of this study

* To describe the spectrum of parasagittal brain injuries identified at the perirolandic
region in term neonates attributable to severe central type hypoxia—ischaemia.

* To show the extent of injury in each grade and the associated structural damage incurred,
remote from the parasagittal area, including the basal ganglia, thalamus and other
important substrates.

* to show that in addition to parasagittal injuries due to partial prolonged ischaemia,
there is a gradation of injuries also identified at the parasagittal cortex,
attributable to profound and sustained hypoxia—ischaemia of the central injury
subtype.



Methods

Imaging was performed at different times after the perinatal injury, dependent on clinician referral,
and showed a range of patterns of injury in the chronic phase of HIBI. The MRI scans were all
performed on 1.5 T Siemens Scanners.

Sagittal volumetric, 1 mm slices GE 1900/2.95 (TR/TE (msec)) and coronal volumetric Inversion
Recovery (IR) 1.1-mm slices SE 4000/363 (TR/ TE (msec)), coronal IR through temporal lobes, axial
T2, axial FLAIR, axial diffusion-weighted/ADC, axial susceptibility- weighted and coronal T2-
weighted sequences were obtained in all patients.

The MRI studies of these full-term infants were retrospectively independently reviewed by the
principal investigator (S.K.M.) and coinvestigator (J.L.) with neuroradiological expertise of
15 years and 30 years, respectively.

From this database of 297 patients, we classified injuries into the four major
patterns of HIBI [8] as per classification in Table 1.



Methods: MR scans of 297 patients with perinatal term hypoxia—ischaemia were evaluated for typical patterns of
brain injury. A total of 83 patients that demonstrated the central/basal ganglia—thalamus and perirolandic pattern
of injury were categorised according to the degree of severity. The perirolandic injury was graded by the degree of
interhemispheric widening, paracentral lobule involvement and perirolandic cortex destruction leading to a tiered
categorisation. Of these 83 patients, 19 had the most severe subtype of injury. A detailed analysis of the clinical data
of a subset of 11 of these 19 patients was conducted.
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Fig. 1 Schematic diagram of the sequence of derivation of the individual subtypes from the sampled database

.
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Table 1 The four main MRI patterns in patients with hypoxic—ischaemic brain injury [8]

Subtype of HIBI Anatomical structure involved

Central RBGT pattern Deep Nuclei/Perirolandic cortex/Hippocampus
Partial Prolonged or Watershed Pattern Cerebral Intervascular Watershed Areas

Mixed RBGT 4 Watershed Pattern Deep Nuclei/Cortex/Watershed Areas

Cystic Encephalomalacia Cerebral Cortex White Matter/Basal Nuclei

Type of insult

Profound hypoxic episode
Prolonged, moderate or intermittent
Severe, variable in duration

Total Anoxia

RBGT Rolandic basal ganglia-thalamus pattern, Deep nuclei thalamus, putamen
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The studies were evaluated for morphology and signal abnormalities of multiple specific structures in
the brain using a devised grading system.

A simple 0-3 scoring system was applied to each region independently including

0 = no injury,

I = mild injury (less than a third of the structure was injured),

2 = moderate injury (more than one third, but less than two thirds of the structure was injured)
3 = severe injury (more than two thirds, with up to near complete destruction of the substrate).

Particular attention was given to the substrates previously enumerated as being high metabolic areas of
the brain including the perirolandic sensorimotor cortex,

Paracentral lobule, deep grey matter nuclei (especially putamina and thalami),

the brainstem, the hippocampi, the superficial and deep white matter, the visual cortex,

the primary auditory cortex, insular, mammillary bodies, fornix and the corpus callosum [8].



Supplementary

motor area

SMA is in the anterior portio
of the PCL

Posterior paracentral lobule retatively spared

Fig. 8 The location of the paracentral lobule (PCL) with the anterior PCL connecting the supplementary motor area (SMA) to the precentral primary
motor cortex and the posterior PCL connecting to the postcentral gyrus
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Each study was assessed with a view to accurate grading of the injuries
at each specific substrate.

Sixteen separate substrate assessments, listed in Table 2, were initially
undertaken for each patient.

Regarding the basal ganglia, evaluation of injuries focussed upon the posterior
aspect of the putamina and at the thalami, predominantly the ventral lateral aspect.

Hippocampal injuries were documented based upon assessment in the coronal
plane with relevant inversion recovery sequences planned according to the
triplanar axes of the hippocampus.

We subsequently focussed the evaluation to 5 specific parasagittal features
listed in bold below (each evaluated from O to 3 as above) leading to a potential
maximum parasagittal score out of 15.

In reviewing the perirolandic injuries, careful note was made of the involvement of
the paracentral lobule (PCL) including the supplementary motor areas, the
superior frontal gyrus, precentral gyrus, the postcentral

gyrus and the degree of interhemispheric fissure (IHF) widening.




Table 3 Distribution of the parasagittal score between sub-groups

Parasagittal score, Mild (N=21) Moderate (N=22) Severe (N=21) MPI (N=19) Overall (N=83)
N (%)

2(9.5)

NN
& 2

2(9.5)
5(23.8)
9(429)
2(9.5)
1(4.8)

No
45
~—
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P value <0.0001
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Fig. 6 Grid-bubble chart of the frequency of parasagittal scores for subtypes of central injury
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Table 2 Key features of each subtype of parasagittal central hypoxic—ischaemic injury

Mild

Moderate

Severe

Massive paramedian

Parasagittal structures
affected

Boundaries of the injury

White matter destruction

Interhemispheric fissure
widening

Central cortico-spinal tract
destruction

Insular Cortex
Mammillary Bodies
Heschl Gyrus
Hippocampi

Calcarine cortex
Corpus callosum

BGT involvement

Sensorimotor cortex

Limited to perirolandic
cortex only

Nil
Apposed paramedian gyri

Usually none or minimal
along the long tract

Spared

Usually spared

Usually spared

May be slightly decreased

in volume
Usually, normal

Mild central CC atrophy

Mild signal change

Sensorimotor cortex, SMA

Perirolandic cortex and
anterior part of the PCL

Some reduction in WM
volume

Slight widening of the fis-
sure at the PCL

Mild hyperintensity along
the long tracts

Minimally involved
Mildly injured
Mildly injured

Moderately decreased in
volume

Mild signal change

Moderate central CC
atrophy

Moderate signal change up

to less than 50% volume
involved

Sensorimotor cortex, SMA
and more of the PCL

Perirolandic cortex and PCL

Slightly more WM volume
reduction

Inverted V-shaped opening

of the fissure

More significant destruction

of the central WM tracts
Moderately involved
Moderately injured
Moderately injured

Severely decreased in
volume

Moderate signal change
Marked central CC atrophy

Marked signal change
greater than 50% volume
involved

Sensorimotor cortex, SMA,
PCL, extending to the SFG
and SPL

Laterally to edge of central
sulcus, anteriorly and posteri-
orly to the edges of the IHF

Severe decrease in overall

WM volume

Diamond-shaped widening
of the fissure

Near complete destruction

Near complete destruction
Severely atrophied
Severely injured

Complete destruction

Significant signal change and

atrophy

Near complete central CC
atrophy

Spongiotic cavitation at puta-

men and thalami

PCL paracentral lobule, CC corpus callosum, SMA supplementary motor area, SFG superior frontal gyrus, SPL superior parietal lobule, IHF Interhemispheric fissure, WM

white matter

Misser et al. Insights into Imaging (2022) 13:11




Moderate Severe Massive Paramedian
N=21(25%) N=22(27%) N=21(25%) Injury N=19(23%)

Fig. 9 The proposed classification of parasagittal perirolandic central type injury
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In the mild perirolandic (Grade 1) subtype,

(N =21/83, 25%) the central sulcus is outlined by
hyperintensity on the axial FLAIR sequence, optimal to
show (as in Fig. 2) this often-subtle injury.

In some children, the injury may be limited in size and
located in the pre-rolandic or post-rolandic lip of the
sensorimotor cortex, with sparing of the rest of the cerebral
mantle.

When motor cortex injury predominantly involves

the “hand knob” region of the homunculus, bilateral
upper limb function is affected and there is no appreciable
widening of the interhemispheric fissure.

The parasagittal score in this subgroup did not exceed 6/15
and the average score was 3/135.

Mild perirolandic (Grade 1) subtype

Fig. 2 The mild subtype of perirolandic (yellow arrows) primary
motor cortex and postcentral gyrus involvement

(2022) 13:11
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The moderate perirolandic (Grade 2) subtype

(N = 22/83, 27%) is manifested as partial injury of the
ventral aspect of the paracentral lobule in addition to
the perirolandic injury.

A particular involvement of the SMA is manifested in this
subgroup (shown in Fig. 3) resulting in a slight widening of the
interhemispheric fissure, in the region of the paracentral lobule
anteriorly with sparing of the margins of the paracentral lobule,
the lateral margins of the central sulci and absence of
extension towards the superior frontal gyrus (SFG) and
superior parietal lobules (SPL).

The average parasagittal score for this subgroup was 5/15.
Fig. 3 The moderate subtype of perirolandic injury (red arrows)

including partial SMA involvement at the ventral aspect of the PCL
(yellow arrows)

Moderate perirolandic (Grade 2) subtype Misser et al. Insights into Imaging ~ (2022) 13:11




Fig. 4 The severe subtype of perirolandic injury with greater PCL involvement and marked localised atrophy, widening the interhemispheric fissure,
with an inverted-V configuration (yellow dotted line)

The severe perirolandic (Grade 3) subtype (N = 21/83, 25%) is associated with greater destruction of the anterior
paracentral lobule including more of the SMA and surrounding premotor association cortex, more marked atrophy
of the pre-central and post-central gyri, and greater widening of the interhemispheric fissure which has an
inverted-V configuration, open dorsally and with a closed apex anteriorly at the superior frontal gyrus level (Fig.
4). The average parasagittal score in this subtype was 10/15.

Severe perirolandic (Grade 3) subtype Misser et al. Insights into Imaging ~ (2022) 13:11



Fig. 5 The MPI subtype of parasagittal cortex injury including complete destruction of the SMA, with secondary diamond-shaped (yellow dotted

line) expansion of the interhemispheric fissure
A

(MPI) pattern, = an exaggerated form of central hypoxic—ischaemic brain injury.
At this end of the spectrum, shown in Fig. 5, we found a diamond-shaped expansion of the interhemispheric fissure,

possibly a consequence of nearly complete destruction of the paracentral lobule, SMA and sensorimotor cortex.
The parasagittal scores in this subtype were the highest with the average score measured at 13/15.
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Table 5 The common findings in all 19 patients with MPI pattern

A common thread...

Term neonates

Appropriate or large for gestational age neonates

Normal antenatal history, all Rhesus positive and syphilis serology negative
No significant chronic maternal conditions

Prolonged labour—more often second stage

Foetal distress, especially with cephalopelvic disproportion
Epidural anaesthesia with maternal hypotension

Grade 3 hypoxic-ischaemic encephalopathy

Low Apgar scores

Metabolic acidosis

Neonatal seizures

Normal immediate postnatal imaging

Metabolic or chromosomal abnormalities excluded
Static/non-progressive phenomena on follow-up imaging
Fairly similar pattern of cerebral injury on imaging

Misser et al. Insights into Imaging
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Involvement of the basal ganglia, thalami and hippocampi was noted in all 19 MPI patients, with spongiotic
cavitation seen involving much of the thalamus and putamen bilaterally.

The hippocampi were always severely injured.

Overall white matter volume was reduced, involving the central motor core of the brain and much of the pyramidal
cortico-spinal tract as well as greater thinning of the corpus callosum.

Secondary ventricular prominence, thinning of the fornix and smaller mammillary bodies.

The loss of volume at the brainstem was also found to be more marked in this most severe category
of injury, likely a result of Wallerian degeneration.

(Grade 4) Massive paramedian injury Misser et al. Insights into Imaging ~ (2022) 13:11




Fig. 7 Collage of MR images demonstrating the key features of the massive paramedian injury pattern. Top row =axial FLAIR and bottom row (from
left to right) axial T2-weighted, coronal T2-weighted, Sagittal T1-weighted and coronal inversion recovery sequence images. These demonstrate

the perirolandic injury (yellow arrows), diamond-shaped expansion of the parasagittal cortex including the paracentral lobule (green arrows),
hippocampal destruction (white arrows), putaminal necrosis (orange arrows) and thalamic (blue arrows) cavitation. The red arrow highlights the
severe deafferentation thinning of the body and isthmus of corpus callosum
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Table 7 Key features of each subtype of parasagittal central hypoxic—ischaemic injury

Substrate injury Mild/Mod/Sev MPI (N=19) Overall (N=83) Pvalue

IHF Widening, n (%) Other : 55(859 <0.001
Severe : 9(14.1
Pre-central Gyrus Score, n (%) Other : 49 (766

) 1(735
)
)
Severe : 15(23.4)
)
)
)

(73.5)
2(26.5)
50 (60.2) <0.001
3(39.8)
(67.5)
)
)

Post-Central Gyrus Score, n (%) Other : 52(81.3 6 (67.5 <0.001
Severe 3 12(188 27 (325
SFG Score, n (%) Other : 62 (96.9 80 (96.4
Severe ! 2(3.1) 3(3.6)
Paracentral Lobule Score, n (%) Other 2 45 (703 46 (554
Severe : 19 (29.7 37 (446
Thalamus Score, n (%) Other ) 37 (57.8 40 (48.2

)
)
)
Severe . 27 (42.2 43 (51.8)
)
)
)

0.547

<0.001

0.002

)
)
)
)

Putamen Score, n (%) Other g 38 (59.4) 30470 <0.001
Severe : 26 (40.6) 44 (53.0
Heschl Gyrus, n (%) Other i 60 (93.8) 75 (904
Severe : 4 (6.3) 8(9.6)
Insular Cortex, n (%) Other ; 60 (93.8) 73 (88.0)
4(6.3) 10(12.0)
Hippocampus Score, n (%) Other 0 (46.9) 32 (38.6) 0.006
)

(
(
Severe : 34 (53.1) 51614
(
(

0.076
0.008

Severe

7(734) 59 (71.1) 0.400
7 (26.6) 24 (28.9)

Cerebellum, n (%) Normal
Involved

IHF interhemispheric fissure, SFG superior frontal gyrus, other lower grades of substrate injuries, Mod moderate subtype, Sev severe subtype, MPI massive paramedian
injury
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Table 8 Factors associated with MPI compared to other
subtypes with reference being the severe grade of substrate
injuries

Feature OR 95% ClI Pvalue

IHF Widening 0.08 0.02-0.25 <0.001
Pre-central gyrus 0.02 0.00-0.14 <0.001
Post-central gyrus 0.06 0.02-0.22 <0.001
SFG Score 0.58 0.05-6.77 0.664
Paracentral lobule 0.02 0.00-0.19 <0.001
Thalamus 0.14 0.04-0.52 0.003
Putamen 0.04 0.00-0.30 0.002
Heschl Gyrus 0.25 0.06-1.12 0.070
Insular cortex 0.14 0.04-0.59 0.007
Hippocampus 0.13 0.03-0.63 0.011

OR odds ratio, 95%CI 95% confidence interval, IHF interhemispheric fissure, SFG
superior frontal gyrus
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Conclusions: We propose a new MR grading system of injury at the parasagittal perirolandic region related to severe,
sustained central perinatal term hypoxia—ischaemia. We also introduce a previously undescribed pattern of injury, the

most severe form of this spectrum, seen especially after prolongation of the second stage of labour. This constella-
tion of high metabolic substrate, targeted tissue destruction is consistently demonstrated by MRI, termed the massive
paramedian injury pattern.

Here, we have presented a new perspective with a gradation
of the parasagittal cortex injury in children who have
suffered severe and sustained hypoxic—ischaemic insults.
We propose that this four-tiered gradation correlates with
the severity of the perinatal insult and the attendant secondary
and subsequent cascades of cellular injury. In this

new classification, we have also introduced the most severe
subtype of this injury which we have termed the massive
paramedian injury in which the entire central motor core

of the brain is destroyed. Common clinico-pathological
features have been identified with the MPI subtype in all
the cases presented here, and in particular, these were all
associated with prolongation of the second stage of labour.
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Cortical ischaemic patterns in term partial-
prolonged hypoxic-ischaemic injury—the

inter-arterial watershed demonstrated
through atrophy, ulegyria and signal
change on delayed MRI scans in children
with cerebral palsy
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AMP: ACA-MCA-PCA Watershed Region
M-P: MCA-PCA Watershed Region
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Figure 1. Derivation of the three major study groups, the subgroups of HIBI and the
subtypes of watershed patterns of injury in patients who sustained partial prolonged HIBI.
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Table 1: Key features of the 7 subtypes of partial prolonged/watershed HIBI

Lobe/Structure

Features

Subtype 1

Subtype 2 Subtype 3 Subtype 4

Subtype 5

Subtype 6 Subtype 7

Overall

Anterior
(n=10)

Peri-
Sylvian
(h=1)

Posterior

(n=1)

Anterior +
Peri-
Sylvian
(n=6)

Peri-Sylvian
+ Posterior
(n=15)

Anterior +
Posterior
(n=7)

All 3
Zones
(n=59)

Thalamic injury
location (No.) (%)

Thalamus score
(No.) (%)

Parietal (No.) (%)

Occipital (No.) (%)

Frontal (No.) (%)

Temporal (No)) (%)

Cerebellum (No.)
(%)

Brainstem (No.)
(%)

Nil

Atypical
Thalamus
L-sign
Not/less
involved
Markedly
destroyed
Not involved
Involved
Not involved
Involved
Not involved
Involved
Not involved
Involved
Not involved
Involved
Not involved
Involved

1(100.0)

1(100.0)

1(100.0)
1(100.0)
1(100.0)
1(100.0)

1(100.0)
1(100.0)

1(167)

2 (33.3)
3 (50.0)

6 (100.0)

15 (100.0)
14 (93.9)

1(6.7)

15 (100.0)

15 (100.0)
8 (53.3)
7 (46.7)

3(20.0)

12 (80.0)

10 (66.7)
5 (33.3)

14 (93.3)
1(6.7)

3 (30.0)

7 (70.0)

10 (100.0)

6 (60.0)
4 (40.0)
7 (70.0)
3 (30.0)
1(10.0)
9 (90.0)
6 (60.0)
4 (40.0)
7 (70.0)
3 (30.0)
10 (100.0)

1(14.3)
6 (85.7)

6 (85.7)
1(14.3)

1(14.3)
6 (85.7)

7 (100.0)

7 (100.0)
3 (42.9)
4 (57.1)
5 (71.4)
2 (28.6)
7 (100.0)

59 (100.0)
53 (89.8)

6 (10.2)

15.2)

(91
(

677)

32 (32.3)
88 (88.9)
()

10 (10.
89 (
(8.
(n.)
88 (
(
(
(
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FIG 2. Axial T2-weighted images in a child with partial, prolonged
HIBI demonstrating interarterial injuries at the peri-Sylvian (dashed
white arrow) and posterior parieto-occipital (solid white arrows)
watershed regions. Note the thalamus L-sign (curved arrows in A and
highlighted by the loupe in a second patient in B).
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Table 2: Key features involved in thalamus L-sign injury compared with other thalamic injuries (nil and atypical)
Thalamus L-Sign (n = 85) Other (n=14) Overall (n=99)

Thalamus score (No.) (%) Not/less involved 77 (90.6) 14 (100.0) 91(91.9)
Markedly destroyed 8 (9.4)

Lobe/Structure Features

Parietal (No.) (%)
Occipital (No.) (%)
Frontal (No.) (%)
Temporal (No.) (%)
Cerebellum (No.) (%)

Brainstem (No.) (%)

Not involved
Involved
Not involved
Involved
Not involved
Involved
Not involved
Involved
Not involved
Involved
Not involved
Involved

3(3.5)
82 (96.5)
1(12)
84 (98.8)
10 (11.8)
75 (88.2)
9 (10.6)
76 (89.4)
57 (67.))
28 (32.9)
74 (871)
11(12.9)

13 (92.9)
6 (42.9)
8 (57.))
0 (71.4)

4 (28.6)
4 (100.0)

1

1

10 (10.])
89 (89.9)
8 (81)
91(91.9)
1 (1)
88 (88.9)
15 (15.2)
84 (84.8)
67 (67.7)
32 (32.3)
88 (88.9)
1 (1.1)
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Table 3: Factors associated with the thalamic L-sign injury
Lobe/Structure RR 95% ClI P Value
Parietal 3.07 119—-7.93 .020

Occipital 7.38 1.18—46.23 033
Frontal 0.94 0.76—1.15 233

Temporal 1.51 0.99—2.29 .055
Cerebellum 1.03 0.87—1.21 738
Brainstem 1.19 1.09—-1.30 <<.001
Parietal + occipital 2.79 1.25—6.23 012

Note:—RR indicates relative risk.

* The risk of experiencing a thalamus L-sign
injury was 1.19 times higher when a
brainstem injury was present compared
with when it was not involved statistically significant

* Critically, the risk of experiencing a
thalamus L-sign type injury was 7.38
times higher when an occipital lobe
injury was identified compared with

When |t (WER nOt ihVOlVEd, statistically significant. (P<001)

e Similarly, the risk of experiencing a * The risk of experiencing a thalamus L-sign
thalamus L-sign injury was 3.07 times injury was also higher when the frontal
higher when a parietal injury was lobe, temporal lobe, and cerebellar injuries
present compared with when it was were all present compared with when they
not iﬂVOlVEd, statistically significant. were not iﬂVOIved
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FIG 3. Axial T2-weighted images in 2 children with proved neonatal
hypoglycemia. There is bilateral occipital lobe encephalomalacia
(arrows) related to hypoglycemic brain injury. Note the absence of
any thalamic injury.
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Table A. Axial T2-weighted and
FLAIR sequence images of ten
patients with documented pure
neonatal hypoglycemic brain injury.
Note the predominant parieto-
occipital cortical injuries as well as
distinct sparing of the thalami with
absent thalamus L-sign.
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FIG 4. Combined hypoxic-ischemic and hypoglycemic brain injury in
2 children with documented neonatal encephalopathy. Note the
exaggerated signal abnormality and thalamic volume loss (black
arrows). There are multiple watershed areas (white arrows) demon-
strating encephalomalacia change.
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Table B. The third group
comprising patients with

combined hypoxic-ischemic
and hypoglycemic brain injury.
Note the presence of the
thalamus L-sign and the
cortical watershed injuries.
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FIG 5. The key thalamic nuclei identified as components of the thalamus L-sign (dotted line) include the pulvinar, the lateral geniculate nucleus,

and the reticular formation nuclei. Illustration by Neil Northey.
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The vicious interplay between hypoxia and hypoglycemia and

their attendant secondary inflammatory cascades leads to a combined

final common pathway injury, especially in patients whose onc s
mother had prolonged labor.

Thalamus L-Sign: A Potential Biomarker of Neonatal Partial,

Prolonged Hypoxic-Ischemic Brain Injury or Hypoglycemic
Encephalopathy?

The thalamus L-sign, we propose, is an indication of a partial,

prolonged type of HIBI and occurs in patients who have endured
additional HGI.

In the patients we presented, who had documented, isolated, pure HGI
without HIBI, the thalamus L-sign was not observed.

We, therefore, introduce this sign as a possible biomarker for HIBI of
the partial prolonged subtype, particularly when the posterior
watershed territories have been involved.

This phenomenon is exaggerated in
patients with combined HGI and HIBI due to the compounded
lack of usable substrates for brain metabolism.
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