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Abstract

OBJECTIVE—To determine whether early anatomical injury patterns in MRI correlate with the
development of post-neonatal epilepsy in infants treated with selective head cooling for hypoxic
ischemic encephalopathy.

STUDY DESIGN—A retrospective study of infants =35 weeks’ gestation born between 2008 and
2013 and followed for at least one year at Northwestern University. All had brain MRI at day 4-5
and EEGs during rewarming and at 3 to 6 months of age.

RESULTS—Outcome was favorable for our cohort of 73 with mean follow-up of 41 (x 7)
months. The majority (66%) survived with no seizure recurrence, while 13 (18%) developed post
neonatal epilepsy including 8, who had infantile spasms. Twelve infants (16%) died. The most
common MRI pattern was diffuse brain injury involving both cortical and subcortical gray matter
(26/73, 35%) followed by cortical and subcortical white matter injury (18/73, 25%), and normal
MRI (16/73, 22%). In 13 infants (18%), the brainstem was involved in addition to cortical and
subcortical gray matter; 9 died and all 4 surviving infants developed infantile spams. All 18
infants with cortical and subcortical white matter injury survived and none developed post
neonatal epilepsy. Risk of post neonatal epilepsy was associated with injury involving subcortical
regions (basal ganglia, thalamus + brainstem) (12/39 vs 1/34, p<0.003).

CONCLUSIONS—Brainstem injury was highly predictive of infantile spams while cortical
injury alone predicted low risk for short term post neonatal epilepsy. Location of anatomical injury
on MRI can be an early predictive factor for development of infantile spams and inform
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prognostic decisions in newborns treated with selective head cooling for hypoxic ischemic
encephalopathy.
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INTRODUCTION

Hypoxic ischemic encephalopathy (HIE) affects 1 to 6 per 1,000 live births.! Therapeutic
hypothermia using selective head or whole body cooling has been shown to improve
neurodevelopmental outcome of infants with HIE.2~* While this effect is most pronounced
in infants with moderate HIE,> 6 there is some evidence that infants with severe HIE also
have improved outcomes with cooling.# Less hypoxic injury is seen on MRI after cooling,
but there may be differences in the radiographic extent of injuries with selective head versus
whole body cooling.”: 8

Numerous studies have shown that seizures occur frequently with HIE at presentation,
during cooling, and with rewarming. The Cool Cap Study (selective head cooling) reported
seizures in 60% of infants? while a whole body cooling study found 45% of infants had
seizures at time of enrollment.3 During or immediately following hypothermia,
electrographic or clinical seizures were noted in 30-90% of infants.®-12 While seizures are
common presenting signs of HIE, development of epilepsy following therapeutic
hypothermia is not well characterized. Studies prior to the institution of cooling found that
approximately 7 — 16 % of infants with moderate HIE developed epilepsy, and the rate was
significantly higher (up to 60%) for infants with severe injury.13-17

Presently, little is known about the incidence of epilepsy in infants treated with selective
head cooling for HIE. The same is true regarding whether early MRI features can predict
epilepsy development. A previous study that evaluated whole body cooled and non-cooled
infants showed that there was a correlation between location of injury and development of
infantile spasms (1S)18. The objective of this study was to categorize MRI patterns of injury
in infants treated with selective head cooling following HIE between 2008-2013 at
Northwestern University, and determine whether early anatomical injury patterns on MRI
can be correlated with the development of post-neonatal epilepsy (PNE). PNE was defined
as recurrent, unprovoked seizures that were present after the neonatal period (greater than 28
days).15v 19,20

METHODS

This was a retrospective single-center cohort study. The Institutional Review Board at Lurie
Children’s Hospital approved the study, including waiver of consent. We reviewed records
for all infants treated for HIE with selective head cooling and born between August 2008
and May 2013 at two hospitals affiliated with Northwestern University: Prentice Women’s
Hospital and Anne & Robert H Lurie Children’s Hospital of Chicago (formerly Children’s
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Memorial Hospital). All infants had moderate to severe asphyxia, fulfilling the clinical entry
criteria that were used in the Cool Cap trials.2 2

The institutional inclusion criteria for selective head cooling treatment requires meeting
criteria A and one of the three components of criteria B.

Criteria A: Infants greater than 35 weeks gestation admitted with one or more of the
following: (1) Apgar score of <5 at 10 minutes after birth (2) Continued resuscitation
(endotracheal or mask) at 10 minutes after birth (3) Acidosis (pH <7.00 of cord blood or
arterial blood < 60 minutes of life) (4) Base Deficit =16 mmol/L in cord blood or any blood
< 60 minutes of life

Criteria B: (1) Moderate to severe encephalopathy, with altered level of consciousness and
at least one of the following: lethargy, stupor or coma, hypotonia, abnormal reflexes
including oculomotor or pupillary abnormalities, and absent or weak suck; (2) clinical
seizures (3) At least 20 minutes of aEEG with moderately abnormal or suppressed
background amplitude?2 or seizures, after one hour of age.

Exclusion criteria for selective head cooling were: A. Major congenital abnormalities,
including brain dysgenesis. B. Evidence of head trauma or skull fracture. C. Markedly small
size (Infants < 1,800 grams birth weight, head circumference >2 SD below mean for
gestation).

Patient Population

Eighty six infants underwent selective head cooling. Of these, 13 infants were excluded: 4
with congenital heart disease, one with brain malformation, one with chromosomal anomaly,
3 who did not undergo MRI, and 4 who were lost to follow-up before 12 months. Of the 73
infants analyzed for this study, 2 were cooled at 34 4/7 weeks gestation, and 4 were cooled
at 35 weeks gestation. All infants were followed by one of the authors (CV or DR) at least 3
times during first 18 months of life (at 6 weeks — 3 months, 4-6 months and 12-18 months).
Only those infants who had neurological follow up for at least one year were included in the
study (mean = SD; 41 + 7 months).

At the initiation of cooling, clinical seizures and subclinical seizures detected on aEEG
tracings were treated with anti-epileptic medication. There was no EEG or aEEG monitoring
performed during the cooling period given technical constrains with the cool cap in place
and therefore, only clinical seizures were treated during cooling. During the rewarming
period, neonates were monitored using conventional video-EEG. Anti-epileptic drug
treatment was directed by Neonatology with input from consulting neurologists. Typically,
the first line medication used was phenobarbital followed by fosphenytoin, if necessary.
Conventional video-EEG data from the rewarming period were not available for all infants
enrolled in this retrospective study. Therefore, we did not analyze EEG data and patterns of
early seizures for this study.

Follow-up electroencephalography (EEG) was obtained at 3 months and, if abnormal, at
about 6 months of age. Subsequent EEGs were obtained if clinically indicated. EEG
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interpretations were performed by board certified neurophysiologists at Northwestern
University.

MRI scans were performed on day of life 4 or 5 and were reviewed by board certified
neuroradiologists at Northwestern University. The following sequences were optimized for
the neonatal brain at this institution, as described previously.23-26 3D T1-weighted spoiled
gradient-echo sequence, T2-weighted fast spin-echo sequence, Fluid-Attenuated Inversion
Recovery (FLAIR), and diffusion-weighted imaging (DWI) were performed with an axial
multi-section multi-repetition spin-echo echo-planar technique. DWI was acquired in three
orthogonal directions and combined into a trace image. Apparent diffusion coefficient
(ADC) map was calculated by using the b-values of 0 and 1000 s/mm2 on a voxel-by-voxel
basis with the software incorporated into the MR imaging unit. Newborns were grouped into
4 patterns of injury on the basis of the predominant anatomical site of injury on MRI using a
modified scheme published in other studies found to be predictive of neurodevelopmental
outcome after neonatal encephalopathy?3: 26: (1) normal (2) cortex injury alone (3) cortex
and basal ganglia/thalamus injury (4) cortex, basal ganglia/thalamus and brainstem injury.
Review of MRI images and scoring of injury was performed by D.E.J. and S.K. who were
blinded to clinical outcome of the patients.

Statistical analyses were performed using statistical software (SPSS, version 21.0, SPSS,
Chicago, IL, USA). The %2 and Fisher exact tests were used to compare dichotomous
variables, and the Student t-test was used for continuous variables. The Wilcoxon rank-sum
test (or Mann-Whitney U test) was used to compare nonparametric data. A p value < 0.05
was considered significant.

The cohort consisted of 73 patients selected from 86 newborns that underwent selective head
cooling for HIE during the catchment period between 2008 and 2013. These infants were
followed for at least one year (mean: 41(x£7) months). There were 43 male (59%) and 30
female (41%). Twelve neonates (16%) died during the initial hospitalization.

Radiographic Imaging Features

MRI scans were performed on day 4 or 5 of life. The most common pattern of injury
involved both cortical and subcortical (basal ganglia and/or thalamus) gray matter (Figure
1A & B) in 26 infants (35%), followed by cortical injury with involvement of the subcortical
white matter (Figure 1C & D) in 18 neonates (25%). Cortical injury followed a watershed
distribution and there was no single dominant or prevalent pattern of injury. Thus, unilateral
or bilateral involvement of one or more regions including frontal, parietal, occipital and
temporal areas was evident on MRI scans. Sixteen (22%) infants had normal MRI. The least
common pattern, seen in 13 infants (18%), was brainstem involvement in addition to cortical
and subcortical gray matter (Figures 1E and 1F).
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Development of Post-neonatal Epilepsy

Patients with normal imaging or isolated cortical and white matter injury had the lowest
rates of epilepsy (33/34, p<0.0001)) (Table 1). Notably, none of the infants with cortical and
white matter injury died or developed epilepsy (0/18). Normal MR, as expected, was also
predictive of favorable outcome. All but one infant with normal MRI did well with respect
to development of epilepsy (15/16, p<0.01). The only infant with normal MRI who
developed PNE had abnormal MR spectroscopy, with lactate peak in the CSF, suggesting
mild ischemia.

Outcome was more variable in infants with diffuse cortical and subcortical gray matter
injury (Table 1). The majority of the surviving neonates with diffuse cortical and subcortical
gray matter (BG and Thalamus) injury (58%, n=15/26) did not develop epilepsy. However,
outcome was worse than in infants with normal MRI or cortical injury alone. In this subset,
3 patients (11%) expired and 8 patients (31%) developed epilepsy, including 4 who
developed IS.

Extensive brain injury including the brainstem was highly predictive of unfavorable
outcome of either death or infantile spasms (13/13, p<0.0001). Nearly 70% (9/13) of infants
with brainstem injury died. All surviving infants (4/13) developed infantile spasms (4/4,
100%) within the first 9 months of life (range, 3-9 months; median, 4.5 months). Clinically,
this subset of infants who developed IS also had early signs and symptoms of severe
brainstem dysfunction, including swallowing dysfunction (requiring placement of
gastrostomy tube), respiratory dysfunction (requiring ventilator support or frequent
suctioning), encephalopathy, and early development of spasticity, typically by day 21 of life.

DISCUSSION

Therapeutic hypothermia is widely used in the United States for treatment of neonatal
hypoxic ischemic injury. While many studies have shown improved neurodevelopmental
outcome in cooled infants?~* much less is known about the risk of subsequent epilepsy. Our
study examined early anatomical injury patterns on MRI in infants treated with selective
head cooing for moderate to severe neonatal HIE. Our findings are consistent with previous
report of whole body cooled and non-cooled infants in showing that location of injury was
predictive of risk of developing PNE, including infantile spasms18. In our study, about one
third of infants with basal ganglia and/or thalamic lesions developed PNE while all infants
with brainstem involvement developed IS. Absence of subcortical involvement indicated
relative protection with respect to development of PNE compared to diffuse brain injury
including subcortical regions. None of the infants with isolated cortical and subcortical
white matter injury developed PNE. Gano et al. found that in whole body cooled and non-
cooled babies, brainstem injury was present in 87.5% of infants with infantile spams and
25% of infants without infantile spasms.18 This supports our finding that head cooled infants
with injury to brainstem are at high risk for developing IS.

Technical factors associated with use of Cool Cap for selective head cooling prevent the use
of concurrent EEG monitoring during the cooling period. As such, treatment with AEDs
during the cooling period was typically based on clinical suspicion of seizures and directed

Pediatr Neurol. Author manuscript; available in PMC 2016 August 01.



1duosnuen Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Jung et al.

Page 6

by the Neonatal team involved in the care of the newborn. Thus, it is possible that
subclinical seizures were not detected and treated during the cooling period. It is difficult to
speculate how this practice may have impacted MRI findings. The association between acute
seizures and extent of brain injury in neonates in the setting of hypothermia has not been
fully elucidated. A previous study of neonates with HIE who were treated with hypothermia
found that among newborns with seizures, approximately 60% had moderate-severe injury
vs. 40% who had mild or no injury [27]. They also found that newborns with subclinical
seizures were as likely to have moderate-severe injury as those with clinically apparent
seizures [27].

Another limitation is relatively short follow up. To evaluate the onset of PNE, the patients
were followed for at least one year (average follow up = 41 months). Although other forms
of epilepsy may present later than 12 months of age, 1S most often occur before one year of
age.28 Understanding how neonatal HIE leads to epilepsy in later life is an important
question in epilepsy research. Although the cortex is often emphasized as the site of seizure
origin, epileptic seizures involve widespread network interactions between cortical and
subcortical structures, and accumulating evidence points to a crucial role for subcortical
structures in propagation and initiation of seizures.2%-3! Previous studies have shown the
importance of subcortical structures in animal seizure models, but corresponding human
studies, especially in neonates, have been relatively few. Animal models of HIE suggest that
post-injury plasticity of the developing brain occurs due to reorganization of
thalamocortical, callosal, and intracortical circuitry.32 Failure to prune immature (possibly
epileptogenic) connections following injury due to a hyperinnervated circuitry, may
contribute to epilepsy.3?

There may be a selective neuroprotective effect in the cerebral cortex from hypothermia.
Experimental data have shown that glutamate receptor activation, particularly the N-methyl-
d- aspartate type, is a critical mediator of selective neuronal injury following HIE in the
neonatal brain.33-3% Mild hypothermia appears to be a potent inhibitor of glutamate release,
which may contribute to selectively protecting brain regions that are vulnerable to secondary
delayed injury, such as the cerebral cortex.36 It is also possible that cortical injury seen on
DWI1 sequences on MRI scans represents a transient insult that is not epileptogenic in nature.
Selective head cooling may also produce a temperature differential between brain regions,
such as the cortex and subcortical gray matter, with a greater reduction in temperature at the
surface of the brain rather than in the deep brain structures. Animal experiments have
suggested that the variation may be greater in head cooling than systemic cooling3’; there
can be a temperature differential of >6°C between the coldest superficial cortex and
subcortical structures in selective head cooling.38 It is unclear whether this differential
temperature variation leads to a greater vulnerability of subcortical structures to ischemic
injury in selective head cooling.3® Our clinical findings encourage future research into the
association of subcortical injury and PNE including IS in infants treated with selective head
versus whole body cooling for HIE.

Infants with brainstem injury had the worst prognosis, and all surviving infants developed
IS. Infantile spasm is an age-specific epileptic encephalopathy characterized clinically by
clusters of spasms and a hypsarhythmia pattern on EEG that is most commonly responsive
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to treatment with adrenocorticotropic hormone (ACTH) or vigabatrin.28 Typically, the peak
age of occurrence is between 3 and 7 months of age.28 The underlying pathophysiology and
brain structures involved in the generation of IS have not been fully elucidated. There is
some evidence that subcortical structures, particularly the midbrain and brainstem may be
implicated in its pathogenesis.3%-42 One study compared brains of individuals with HIE who
had epilepsy but not IS with those with HIE (or lissencephaly) and IS and noted that only
patients with IS had alterations in specific neurotransmitters and neuropeptides in the
brainstem.#0 In one study of infants with HIE who did not undergo therapeutic hypothermia,
4.5% developed IS; extensive injury to the basal ganglia/thalamus or total brain injury were
found in these patients.18 Our study found that 100% of infants with whole brain injury that
included the brainstem developed IS. This seizure type was noted in 15% of infants with
diffuse cortical and subcortical injury including thalamus and basal ganglia. Most important,
none of the infants with normal MRI or injury restricted to the cortical mantle and
underlying white matter developed IS. This supports the notion that the pathogenesis of IS
may involve subcortical structures.

In summary, results of our study show that prognostic information can be gleaned from MRI
studies performed on days 4 or 5 of life in selectively head cooled infants with HIE. Injury
to brainstem evident on imaging studies and on clinical examination is highly predictive of
poor prognosis and development of IS. In contrast, normal MRI or injury limited to cortical
surface and the subcortical white matter is predictive of good outcome with respect to the
development of PNE.

Acknowledgments

We would like to acknowledge the support of Dr. Yasmin Khan, neonatologist and Medical Director of the
Neonatal Intensive Care Unit at Prentice Woman’s Hospital of Northwestern University. This research was
supported in part by CURE (Citizens United for Research in Epilepsy (DRN), Child Neurology Foundation Shields
Award (CV) and NIH/NINDS RO1 NS073768 (SK).

References

1. Volpe, JJ. Neurology of the Newborn. Elsevier Health Sciences; 2008.

2. Gluckman PD, Wyatt JS, Azzopardi D, Ballard R, Edwards AD, Ferriero DM, Polin RA, Robertson
CM, Thoresen M, Whitelaw A, Gunn AJ. Selective head cooling with mild systemic hypothermia
after neonatal encephalopathy: multicentre randomised trial. The Lancet. 2005; 365:663-670.

3. Shankaran S, Laptook AR, Ehrenkranz RA, Tyson JE, McDonald SA, Donovan EF, et al. Whole-
body hypothermia for neonates with hypoxic—ischemic encephalopathy. N Engl J Med. 2005;
353:1574-1584. [PubMed: 16221780]

4. Tagin MA, Woolcott CG, Vincer MJ, Whyte RK, Stinson DA. Hypothermia for neonatal hypoxic
ischemic encephalopathy: an updated systematic review and meta-analysis. Arch Pediatr Adolesc
Med. 2012; 166:558-566. [PubMed: 22312166]

5. Edwards AD, Brocklehurst P, Gunn AJ, Halliday H, Juszczak E, Levene M, Strohm B, Thoresen M,
Whitelaw A, Azzopardi D. Neurological outcomes at 18 months of age after moderate hypothermia
for perinatal hypoxic ischaemic encephalopathy: synthesis and meta-analysis of trial data. BMJ.
2010:340.

6. Shankaran S. Outcomes of Hypoxic-Ischemic Encephalopathy in Neonates Treated with
Hypothermia. Clin Perinatol. 2014; 41:149-159. [PubMed: 24524452]

Pediatr Neurol. Author manuscript; available in PMC 2016 August 01.



1duosnue Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Jung et al.

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

Page 8

. Sarkar S, Donn SM, Bapuraj JR, Bhagat I, Barks JD. Distribution and severity of hypoxic—

ischaemic lesions on brain MRI following therapeutic cooling: selective head versus whole body
cooling. Arch Dis Child Fetal Neonatal Ed. 2012; 97(5):335-9.

. Rutherford M, Malamateniou C, McGuinness A, Allsop J, Biarge MM, Counsell S. Magnetic

resonance imaging in hypoxic-ischaemic encephalopathy. Early Hum Dev. 2010; 86:351-360.
[PubMed: 20541877]

. Yap V, Engel M, Takenouchi T, Perlman JM. Seizures are common in term infants undergoing head

cooling. Pediatr Neurol. 2009; 41:327-331. [PubMed: 19818933]

Wousthoff CJ, Dlugos DJ, Gutierrez-Colina A, Wang A, Cook N, Donnelly M, Clancy R, Abend
NS. Electrographic seizures during therapeutic hypothermia for neonatal hypoxic-ischemic
encephalopathy. J Child Neurol. 2011; 26(6):724-8. [PubMed: 21447810]

Glass HC, Nash KB, Bonifacio SL, Barkovich AJ, Ferriero DM, Sullivan JE, Cilio MR. Seizures
and Magnetic Resonance Imaging—Detected Brain Injury in Newborns Cooled for Hypoxic-
Ischemic Encephalopathy. J Pediatr. 2011; 159:731-735. e731. [PubMed: 21839470]

Nash KB, Bonifacio SL, Glass HC, Sullivan JE, Barkovich AJ, Ferriero DM, Cilio MR. Video-
EEG monitoring in newborns with hypoxic-ischemic encephalopathy treated with hypothermia.
Neurology. 2011; 76:556-562. [PubMed: 21300971]

Selton D, Andre M. Prognosis of hypoxic-ischaemic encephalopathy in full-term newborns-value
of neonatal electroencephalography. Neuropediatrics. 1997; 28:276-280. [PubMed: 9413008]
Toet MC, Groenendaal F, Osredkar D, van Huffelen AC, de Vries LS. Postneonatal epilepsy
following amplitude-integrated EEG-detected neonatal seizures. Pediatr Neurol. 2005; 32:241—
247. [PubMed: 15797180]

Pisani F, Orsini M, Braibanti S, Copioli C, Sisti L, Turco EC. Development of epilepsy in
newborns with moderate hypoxic-ischemic encephalopathy and neonatal seizures. Brain and
Development. 2009; 31:64-68. [PubMed: 18490125]

Inoue T, Shimizu M, Hamano Si, Murakami N, Nagai T, Sakuta R. Epilepsy and West syndrome in
neonates with hypoxic—ischemic encephalopathy. Pediatr Int. 2014; 56(3):369-72. [PubMed:
24274080]

Clancy RR, Legido A. Postnatal epilepsy after EEG-confirmed neonatal seizures. Epilepsia. 1991;
32:69-76. [PubMed: 1985832]

Gano D, Sargent MA, Miller SP, Connolly MB, Wong P, Glass HC, Poskitt KJ, Chau V. MRI
Findings in Infants With Infantile Spasms After Neonatal Hypoxic-Ischemic Encephalopathy.
Pediatr Neurol. 2013 Dec; 49(6):401-5. [PubMed: 24095571]

Ramantani G, lkonomidou C, Walter B, Rating D, Dinger J. Levetiracetam: Safety and efficacy in
neonatal seizures. Eur J Paediatr Neurol. 2011; 15:1-7. Azzopardi DV, Strohm B, Edwards AD,
Dyet L, Halliday HL, Juszczak E, Kapellou. [PubMed: 21094062]

Pisani F, Barilli AL, Sisti L, Bevilacqua G, Seri S. Preterm infants with video-EEG confirmed
seizures: Outcome at 30 months of age. Brain Dev. 2008 Jan; 30(1):20-30. [PubMed: 17964748]
OLevene M, Marlow N, Porter E, Thoresen M, Whitelaw A, Brocklehurst P. TOBY Study Group.
Moderate hypothermia to treat perinatal asphyxial encephalopathy. N Engl J Med. 2009 Oct 1;
361(14):1349-58. [PubMed: 19797281]

al Nageeb N, Edwards AD, Cowan FM, Azzopardi D. Assessment of neonatal encephalopathy by
amplitude-integrated electroencephalography. Pediatrics. 1999; 103:1263-71. [PubMed:
10353940]

Miller SP, Ramaswamy V, Michelson D, Barkovich AJ, Holshouser B, Wycliffe N, Glidden DV,
Deming D, Partridge JC, Wu YW, Ashwal S, Ferriero DM. Patterns of brain injury in term
neonatal encephalopathy. J Pediatr. 2005; 146(4):453-60. [PubMed: 15812446]

Bonifacio SL, Glass HC, Vanderpluym J, Agrawal AT, Xu D, Barkovich AJ, Ferriero DM.
Perinatal Events and Early Magnetic Resonance Imaging in Therapeutic Hypothermia. J Pediatr.
2011; 158(3):360-5. [PubMed: 20965514]

Barkovich A, Miller S, Bartha A, et al. MR imaging, MR spectroscopy, and diffusion tensor
imaging of sequential studies in neonates with encephalopathy. American Journal of
Neuroradiology. 2006; 27:533-547. [PubMed: 16551990]

Pediatr Neurol. Author manuscript; available in PMC 2016 August 01.



1duosnuen Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Jung et al.

26.

217.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

Page 9

Barkovich AJ, Hajnal BL, Vigneron D, Sola A, Partridge JC, Allen F, Ferriero DM. Prediction of
neuromotor outcome in perinatal asphyxia: evaluation of MR scoring systems. AJINR Am J
Neuroradiol. 1998 Jan; 19(1):143-9. [PubMed: 9432172]

Glass HC, Nash KB, Bonifacio SL, Barkovich AJ, Ferriero DM, Sullivan JE, Cilio MR. Seizures
and magnetic resonance imaging-detected brain injury in newborns cooled for hypoxic-ischemic
encephalopathy. J Pediatr. 2011; 159(5):731-735. [PubMed: 21839470]

Pellock JM, Hrachovy R, Shinnar S, Baram TZ, Bettis D, Dlugos DJ, Gaillard WD, Gibson PA,
Holmes GL, Nordl DR, O’Dell C, Shields WD, Trevathan E, Wheless JW. Infantile spasms: a US
consensus report. Epilepsia. 2010; 51:2175-2189. [PubMed: 20608959]

Berman R, Negishi M, Vestal M, Spann M, Chung MH, Bai X, Purcaro M, Motelow JE, Danielson
N, Dix-Cooper L, Enev M, Novotny EJ, Constable RT, Blumenfeld H. Simultaneous EEG, fMRI,
and behavior in typical childhood absence seizures. Epilepsia. 2010; 51:2011-2022. [PubMed:
20608963]

Norden AD, Blumenfeld H. The role of subcortical structures in human epilepsy. Epilepsy Behav.
2002; 3:219-231. [PubMed: 12662601]

Gale K. Subcortical structures and pathways involved in convulsive seizure generation. J Clin
Neurophysiol. 1992; 9:264-277. [PubMed: 1350593]

Jacobs KM, Graber KD, Kharazia VN, Parada |, Prince DA. Postlesional Epilepsy: The Ultimate
Brain Plasticity. Epilepsia. 2000; 41:5153-S161. [PubMed: 10999537]

Du Plessis A, Johnston MV. Hypoxic-ischemic brain injury in the newborn. Cellular mechanisms
and potential strategies for neuroprotection. Clin Perinatol. 1997; 24:627-654. [PubMed:
9394864]

Volpe, J. Neurology of the newborn. 4. Philadelphia: WB Saunders Company; 2000. Chapter 8:
Hypoxic—ischemic encephalopathy; neuropathology and pathogenesis; p. 296-330.

Barks JD, Silverstein FS. Excitatory amino acids contribute to the pathogenesis of perinatal
hypoxic ischemic brain injury. Brain Pathol. 1992; 2:235-243. [PubMed: 1343839]

Busto R, Globus M, Dietrich WD, Martinez E, Valdes I, Ginsberg MD. Effect of mild hypothermia
on ischemia-induced release of neurotransmitters and free fatty acids in rat brain. Stroke. 1989;
20:904-910. [PubMed: 2568705]

Ilwata O, Iwata S, Tamura M, Nakamura T, Sugiura M, Ogiso Y. Brain temperature in newborn
piglets under selective head cooling with minimal systemic hypothermia. Pediatr Int. 2003;
45:163-168. [PubMed: 12709142]

Tooley J, Eagle R, Satas S, Thoresen M. Significant head cooling can be achieved while
maintaining normothermia in the newborn piglet. Arch Dis Child Fetal Neonatal Ed. 2005;
90:F262-FF266. [PubMed: 15846020]

Konishi Y, Hayakawa K, Kuriyama M, Saito M, Fujii Y, Sudo M. Effects of ACTH on brain
midline structures in infants with infantile spasms. Pediatr Neurol. 1995; 13:134-136. [PubMed:
8534277]

Hayashi M, Itoh M, Araki S, Kumada S, Tanuma N, Kohji T, Kohyama J, Iwakawa Y, Satoh J,
Morimatsu Y. Immunohistochemical analysis of brainstem lesions in infantile spasms.
Neuropathology. 2000; 20:297-303. [PubMed: 11211054]

Hayashi M. Neuropathology of the limbic system and brainstem in West syndrome. Brain Dev.
2001; 23:516-522. [PubMed: 11701247]

Lado F, Moshe S. Role of subcortical structures in the pathogenesis of infantile spasms: what are
possible subcortical mediators? Int Rev Neurobiol. 2002; 49:115-140. [PubMed: 12040889]

Pediatr Neurol. Author manuscript; available in PMC 2016 August 01.



1duosnue Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Jung et al. Page 10

Figure 1. MRI injury patterns in head cooled neonates with HIE
A & B: The most common pattern of injury involved the cortical and subcortical gray matter

(arrows) in 35% of the infants. C & D: Isolated cortical injury with subcortical white matter
involvement (arrows) was present in 25% of infants. E and F: Injury to brainstem, cortical
and subcortical structures (arrows) was present in 18% of infants.

DWiI= diffusion weighted image and ADC = apparent diffusion coefficient map.
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