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Aim.—Children surviving cardiac arrest are at high risk of neurological morbidity and mortality; 

however, there is a lack of validated prognostic biomarkers. We aimed to evaluate brain magnetic 

resonance imaging (MRI) and spectroscopy (MRS) as predictors of death and disability. Secondly, 

we evaluated whether MRI/S by randomized group.

Methods.—This single center study analyzed clinically indicated brain MRI/S data from children 

enrolled in a randomized controlled trial of 24 versus 72 hours of hypothermia following cardiac 

arrest. Two pediatric radiologists scored conventional MRIs. Lactate and N-acetyl-aspartate 

(NAA) concentrations (mmol/kg) were determined from spectra acquired from the basal ganglia, 

thalamus, parietal white matter and parietooccipital gray matter. Mortality and neurological 

outcomes (favorable = Pediatric Cerebral Performance Category [PCPC] 1, 2, 3 or increase < 2) 

were assessed at hospital discharge. Non-parametric tests were used to test for associations 

between MRI/S biomarkers and outcome and randomized group.

Results.—23 children with (median [interquartile range]) age of 1.5 (0.3–4.0) years. Ten (44%) 

had favorable outcome. There were more T2 brain lesions in the lentiform nuclei in children with 

unfavorable 12 (92%) versus favorable 3 (33%) outcome, p=.007. Increased lactate and decreased 

NAA concentrations in the parietooccipital gray matter and decreased NAA in the parietal white 

matter were associated with unfavorable outcome (p’s<.05). There were no differences for any 

biomarker by randomized group.

Conclusion.—Regional cerebral and metabolic MRI/S biomarkers are predictive of neurological 

outcomes at hospital discharge in pediatric cardiac arrest and should undergo validation testing in 

a large sample.
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INTRODUCTION

Morbidity and mortality following pediatric cardiac arrest is chiefly due to global hypoxia-

ischemia and reperfusion injury as part of the post-cardiac arrest syndrome1,2. Surviving 

children are at high-risk of long-term neurological morbidity adversely affecting child and 

family function3–7. Early, accurate prognostication can help clinicians and families 

understand the breadth of the child’s brain injury to aid in decision-making and planning for 

approach to subsequent care including surgery for technological support (e.g., 

tracheostomy), rehabilitation, and withdrawal of support depending on the family’s goals.

Brain magnetic resonance imaging (MRI) is increasingly used as standard of care for 

diagnostic, therapeutic, and prognostic purposes in pediatric neurocritical care8. Small 

observational studies show that conventional (T1, T2, and diffusion-weighted [DWI]) MRI 

can identify regions selectively vulnerable to hypoxic-ischemic injury and shows promise to 

assist in informing accurate prognostication9–13. Similarly, MR Spectroscopy (MRS), an 

advanced MRI technique, which is used to determine regional brain metabolite 

concentrations such as including N-acetyl-aspartate (NAA) and lactate, can assist in 

outcome prognostication14,15.
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Brain MRI and MRS studies in children with cardiac arrest are often limited by evaluation of 

a single brain region, heterogeneity in the timing of imaging, and the use of a non-

quantitative analytic approach. The objective of this study was to prospectively determine 

the predictive utility of brain MRI biomarkers and MRS metabolites, NAA and lactate, from 

multiple brain regions at a single-center in the setting of a phase I/II randomized, controlled 

trial (RCT) of therapeutic hypothermia. The primary objective was to evaluate MRI/S 

biomarkers as predictors of outcomes at hospital discharge. The secondary objective was to 

compare MRI/S biomarkers across randomized treatment groups. We hypothesized that 

regional alterations in both conventional MRI signal (basal ganglia lesions) and metabolism 

(low NAA and high lactate) would be predictive of poor 6-month outcomes.

PATIENTS AND METHODS

Study Design.

This study reports results from a phase I/II RCT of hypothermia following resuscitation 

from pediatric cardiac arrest conducted between November 2009 and December 201316. 

Patients received either 24 or 72 hours of therapeutic hypothermia to a core body 

temperature of 33.5°C, which was maintained by use of a servo-controlled cooling blanket 

(Cincinnati Sub-Zero Blanketrol II-III, Monroe, NC). Brain imaging (MRI/S) was obtained 

after therapeutic hypothermia as part of routine clinical care. The University of Pittsburgh 

Institutional Review Board approved the RCT (NCT00797680) at the UPMC Children’s 

Hospital of Pittsburgh. Children were enrolled following parental/guardian informed consent 

and assent when applicable.

Enrollment of Patients.

Thirty-four children between the ages 1 week and 17 years who were admitted to the ICU 

with return of spontaneous circulation after in- or out-of-hospital CA were enrolled in the 

parent RCT16. Patients with a simultaneous acute neurological injury prior to the cardiac 

arrest event were excluded from the RCT (e.g., traumatic brain injury).

Data Collection.

Medical record review was used to collect patient demographics, disease characteristics, and 

patient outcomes. Under the parent RCT, Pediatric Cerebral Performance Category (PCPC) 

scores at baseline (pre-arrest), hospital discharge and 6-month follow-up were assigned by 

the lead author (EF), who was not blinded to treatment assignment. Neuroradiologists 

reading MRI scans were blinded to each other’s initial interpretation, and patient outcome 

and treatment assignment. PCPC score was assigned based on telephone, in-person 

interview, or chart review regarding the child’s neurological functioning prior to and at 

hospital discharge following the cardiac arrest event. A PCPC score of 4, 5, or 6 or increase 

> 1 was classified as an unfavorable outcome17.

MRI Acquisition and Analysis.

Standard care for brain MRI performed for clinical purposes after hypoxic-ischemic event 

includes brain MRS at our institution, and brain imaging was performed as part of clinical 

care as indicated by the clinical team. To undergo MRI, the child must have been clinically 
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stable without the requirement for high-frequency oscillator ventilation, extracorporeal 

membrane oxygenation or cardiac pacemaker/pacing wires.

MRI data were acquired on a 1.5T or 3T GE Signa MR Scanner (GE Healthcare, 

Milwaukee, Wisconsin), by use of an 8-channel head coil. The MR imaging protocol 

included axial and coronal T2-weighted as well as axial, coronal, and sagittal T1-weighted 

imaging. Whole brain DWI was performed at b=1000 s/mm2 with 6 directions. In-plane 

resolution was 1.1 × 1.1 × 6.0 mm3 with no gap. Scan time was echo time/repetition time= 

87.4/10000 ms.

Brain MRI images were analyzed by 2 pediatric neuroradiologists blinded to subject 

outcome. T1, T2, and DWI/apparent diffusion coefficient (ADC) images were analyzed for 

signal intensity abnormalities and scored using a system adapted from Christophe, et al13. 

Brain regions from both hemispheres, thalamus, basal ganglia, cerebellum, and brain stem 

were examined for evidence of hypoxic-ischemic injury. Inter-observer variability was 

described, disagreement resolved by consensus, and kappa statistic reported.

MRS.

MRS data were acquired using a single-voxel point-resolved spectroscopy (PRESS) 

sequence with an echo time of 35ms and repetition times of 1.5 sec (1.5 Tesla) and 2 sec (3 

Tesla), and both the raw MRS data and water reference data were archived for data 

processing. MRS data were obtained from 4 regions of interest (ROI): 1) Basal ganglia; 2) 

Thalamus, 3) Parietal white matter (WM) and 4) Parietooccipital gray matter (GM) (Figure 

1). These ROIs are standard and correspond to regions that are vulnerable to global hypoxic-

ischemic injury. Basal ganglia and thalamus, which are highly interconnected with the 

cerebral cortex, have various important functional roles relevant to outcome whereas WM 

and GM ROIs include a prominent watershed region and the medial parietal cortex, which is 

associated with diseases of consciousness. Axial, sagittal, and coronal orientations were 

assessed for accurate voxel placement. Volumes of ROIs were typically 3–6 cm3 and 

acquisition times (128 averages) were 3–5 min per ROI.

Raw MRS data files were transferred off-line for fully-automated post-processing using 

LCModel software (LCModel©, Stephen Provencher Inc., Ontario, Canada)18. Absolute 

concentrations of Lac and NAA were determined using the unsuppressed water signal as 

internal reference. LCModel processing provides objective measures for the signal-to-noise 

ratio and the spectral linewidth (full width at have maximum = FWHM) for objective quality 

assessment. Spectra with a low signal-to-noise ratio of > 2 standard deviations below the 

mean were discarded. Also, spectra with poor linewidth > 2 standard deviations above the 

mean were not included in the analysis. These guidelines for quality control were adapted 

from LCModel manual (LCModel User’s Manual, June 15, 2014, LCModel version 6.3–1J) 

(http://s-provencher.com/pub/LCModel/manual/manual.pdf (accessed 09/09/2014)). MRS 

ROI placements were verified by an experienced board certified pediatric neuroradiologist. 

Cardiac arrest results in a global hypoxic-ischemic injury; therefore, MRS measurements 

were performed on one hemisphere only.
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Statistical Analyses: All analyses were conducted using SAS® 9.2 (Copyright © [2002–

2008] SAS Institute Inc., Cary, NC, USA). Frequencies and percentages were determined for 

categorical variables. Data are presented as median (interquartile range [IQR]) if non-

parametric or mean and standard deviation if parametric. All p-values were 2-sided, and a p 
<0.05 was considered statistically significant. Group differences were compared using the 

Wilcoxon Rank Sum test. Differences in categorical data were assessed using chi-square 

analysis with Fisher’s Exact test when appropriate. Agreement between neuroradiologist 

grading of conventional MRI scores was analyzed using Cohen’s Kappa test in Stata 14 

(StataCorp. 2015. Stata Statistical Software: Release 14. College Station, TX: StataCorp 

LP).

RESULTS

Patients

Twenty-three children underwent neuroimaging and were included in the present study 

(Figure 2). Patients had a median (interquartile range [IQR]) age of 1.5 (0.3–4.0) years 

(Table 1). Cardiac arrest events occurred out-of-hospital in 21 (91%) children and 20 (87%) 

cases were due to asphyxia. Ten (44%) children had favorable outcome and 3 (13%) children 

died by hospital discharge. More children with witnessed status (70% versus 8%) were in 

the favorable versus unfavorable groups, p<.05.

Children who had a brain MRI were more likely to be alive by hospital discharge (73% vs. 

13%, p=.001) and had longer hospital (24 [14–37] vs. 3 [2–16] days) and ICU lengths of 

stay (15 [9–33] v. 3 [2–11] days) compared to children who did not undergo a brain MRI 

(Supplemental Table 1).

Brain MRI and Child Outcomes

Brain MRI/S occurred on hospital day 5.5 (4.0–7.0) for children with favorable vs. 6.0 (4.0–

8.0) in children with unfavorable outcome post-cardiac arrest, p=0.771. The kappa 

agreement for MRI scoring was 0.98.

Regional lesions on T2-weighted imaging most commonly occurred in the lentiform 15 

(68%) and caudate (55%) nuclei of the basal ganglia and thalamus (50%). On DWI, lesions 

were most common in the lentiform nucleus (41%), thalamus (32%) and frontal and parietal 

lobes (30%) each (Table 2). White matter injury in the posterior limb of the internal capsule 

(n=1) and centrum semi-ovale (n=1) were uncommon.

Children with favorable outcomes had fewer lesions in the lentiform nuclei on T2-weighted 

imaging (p<0.05). Although no child with favorable outcome had evidence of generalized 

edema contrasting children with unfavorable outcome, this difference was not statistically 

significant (0% vs. 23%, p=0.24) (Figures 3 and 4). There were no differences in regional 

brain lesion location by randomized group.

No child in the 72-hour hypothermia group had generalized edema on brain MRI while 3 

(27%) children had generalized edema in the 24-hour hypothermia group, p=.214.
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Brain MR Spectroscopy and Child Outcomes

Fourteen of 23 (61%) children with brain MRI performed also had a brain MRS that met 

imaging quality criteria for inclusion in this analysis. Fewer children had MRS as compared 

to MRI due to variability in clinical protocols prior to May 2009 and data loss associated 

with a scanner upgrade.

Lactate was increased in the occipital-parietal gray matter ROI in children with unfavorable 

versus favorable outcome (1.83 [0.90–2.68 vs. 0.74 [0.68–0.92]], p=0.043) (Table 3). NAA 

was decreased in children with unfavorable versus favorable outcome in both the occipital-

parietal gray (3.54 [2.52–4.82] vs. 9.73 [7.88–10.85], p=0.005) and white matter (6.81 

[4.62–7.50] vs. 9.33 [8.58–10.10], p=0.032) regions of interest. There were no significant 

differences in regional MRS NAA or lactate concentrations by randomized group.

DISCUSSION

The primary findings of this study include the following: 1) two-thirds of children admitted 

to the PICU following cardiac arrest and enrolled in a research study had a clinical brain 

MRI/S performed within the first two weeks; 2) lesions in the lentiform nuclei (putamen and 

globus pallidus) on MRI were associated with unfavorable outcome at hospital discharge; 

and 3) Increased lactate and decreased NAA concentrations in the occipital-parietal gray 

matter and decreased NAA in the occipital-parietal white matter regions of interest were 

associated with unfavorable outcomes at hospital discharge.

Brain MRI is one of several tools recommended for clinical prognostication following 

cardiac arrest19,20. Conventional MRI sequences, T1- and T2- and DWI, are largely 

standardized across centers and are seen as essential to evaluating hypoxic-ischemic injury 

following cardiac arrest in adults21,22. Injury to brain regions selectively vulnerable to 

hypoxia-ischemia due to cardiac arrest, including the basal ganglia, thalamus, and cortical 

lobes, are associated with unfavorable neurological outcomes9–13,23. In our study, lesions in 

the lentiform nuclei (putamen and globus pallidus) on T2 were associated with unfavorable 

outcome at hospital discharge, in agreement with a prior non-randomized pilot study at our 

institution and other observational studies in pediatric cardiac arrest12,13. Although no brain 

regions were associated with outcome as assessed using on DWI sequences in our cohort, 

Oualha et al found associations between quantitative ADC in regions with diffusion 

abnormalities and outcome in children following cardiac arrest24. Although not statistically 

significant, generalized brain edema on MRI may add predictive utility as all three children 

with generalized brain edema had unfavorable outcomes, suggesting edema as a potential 

therapeutic target. It is important to note that presence of brain MRI lesions following 

cardiac arrest does not prohibit survival with favorable outcome13. Further, although MRI 

lesions often becomes apparent within a day of the cardiac arrest event, lesions evolve over 

days to weeks; thus, timing of imaging may impact interpretation25.

Brain MRS is a promising tool to aid in prognostication following pediatric brain injury14,26. 

While MRI utilizes hydrogen ions attached to water molecules to generate an anatomical 

map of brain tissue, proton MRS, as used in this study, measures signals from hydrogen 

nuclei attached to other molecules, to generate a biochemical profile from a prespecified 
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ROI27. NAA is present in neurons and oligodendrocytes and thus serves as a marker of 

neuron density while lactate is a marker of anaerobic metabolism and potentially necrotic 

tissue27. Ashwal et al found that the detection of lactate in a combined ROI in the occipital 

gray and parietal white matter was associated with serious morbidity or death following 

pediatric brain injury14. Further, NAA/Creatine ratios were lower in children with lactate 

peaks. In our study, we were able to individually quantitate both NAA and lactate in four 

distinct regions of interest using LC Model software14,18. We found that although each of 

the regions of interest had similar patterns of MRS metabolite concentrations by patient 

outcome, the occipito-parietal region, a selectively vulnerable region following ischemia, 

was the most discriminatory between favorable and unfavorable outcome28.

Although we found signals for the benefit of longer duration of hypothermia, none were 

significant. Neonates with varying severity of hypoxic-ischemic encephalopathy in several 

trials who received hypothermia for 72 hours had less injury on brain MRI/S than neonates 

randomized to normothermia29–31. Future trials in pediatric cardiac arrest should consider 

including brain MRI/S and other MR sequences as a therapeutic evaluation tool to discern 

global and regional effects along with further exploration of the impact of a 72-h duration of 

hypothermia.

Our findings need to be validated in adequately powered prospective studies to inform 

optimal implementation into clinical prognostication guidelines. Once validated, clinicians 

and families will have more clarity on how brain MRI/S can best be incorporated into an 

individual child’s care plan to inform decision-making. For example, knowledge about the 

location and severity of brain injury can be used to anticipate approach to early rehabilitation 

interventions and future needs for successful reintegration into school. It is widely accepted 

that prognostication accuracy would be optimized using multiple tools together – the child’s 

neurological examination, brain MRI and other adjunctive testing and biomarkers, possibly 

at multiple time points32. Until then, recent publications from the American Heart 

Association suggest that brain MRI within the first 7 days post cardiac arrest may be useful 

for prognostication19,20,33.

Study limitations

The small sample size of this study prevents multivariate analysis of patient outcome. Due to 

the small number of deaths (3) our study was unable to analyze the predictive capability of 

brain MRI/S for prognostication of mortality. Given the number of statistical tests 

performed, there is a possibility for type II error, in which results stated as being statistically 

significant could be false. Our study analyzed associations with outcome at hospital 

discharge. Future validation studies should conduct analyses using outcomes post-hospital 

discharge to account for functional gains. In our study, one-third of children did not undergo 

MRI examination, and timing of MRI was dependent on clinical need. Children who did not 

undergo clinical MRI in this study had higher mortality and much shorter lengths of stay; 

conversely, of the three children surviving to hospital discharge, two had favorable outcome 

and may have been perceived as “too well” to benefit from brain MRI/S examination. This is 

a reflection of our center’s clinical approach to MRI in which imaging is delayed or not 

pursued for children who are too ill for intra-hospital transport, children who are unstable for 
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intra-hospital transport, disqualified due to positive screening for contraindications such as 

body metal, or well-appearing, and in whom the benefit of an MRI evaluation is less well 

defined34. However, whether MRI/S and other MR sequences may help inform 

prognostication and clinical and school decision-making for children who are grossly well-

appearing immediately post-arrest but at risk for cognitive or other sequelae remains to be 

defined. PCPC was assigned by the study PI (a pediatric intensivist), who was aware of the 

duration of hypothermia. The primary investigator is a pediatric intensivist that provides care 

for children following cardiac arrest and was not blinded to the original MRI findings. 

However, the PI had no input into pediatric neuroradiologist readings and scoring of MRIs.

CONCLUSION

Brain MRI/S biomarkers were associated for neurological outcome prognostication in 

pediatric cardiac arrest and should undergo validation testing in a larger sample.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
Magnetic resonance spectroscopy regions of interest. A) Basal ganglia: caudate (C) and 

putamen (P); B) Parietooccipital gray matter; C) Parietal white matter; and D) Thalamus (T). 

CC, corpus callosum.
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Figure 2. 
CONSORT diagram of patients who received imaging after enrollment into the parent 

randomized, controlled trial.
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Figure 3. 
A previously well 3-year old child with severe asthma, respiratory failure, and asphyxia 

cardiac arrest peri-intubation in the intensive care unit. A) Axial T2-weighted and B) 

Diffusion-weighted MRI 9 days post-arrest showing injury to the basal ganglia (solid arrow), 

occipital lobe (dashed arrow), and cerebellum (dotted arrow). Spectra from the C) basal 

ganglia, D) thalamus, E) occipitoparietal gray and F) parietal white matter regions of interest 

show possibly mildly decreased N-acetyl-aspartate (NAA, arrows) and a small lactate (Lac) 

signal. Signals from creatine (Cr) and choline (Cho) are also labeled. Shown are the 

unprocessed data (thin black lines) with the superimposed fit (thick gray lines) used for 

quantitation. The patient had mild neurologic disability at hospital discharge and no 

noticeable disability at 6 months follow-up.
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Figure 4. 
A previously well 4-month old child with asphyxial cardiac arrest at home. A) Axial T2-

weighted and B) Diffusion-weighted brain MRI 3 days post-arrest showing injury to the 

basal ganglia (solid arrow), thalamus (dashed arrow), occipital lobe (dotted arrow), and 

cerebellum (dotted arrow). Spectroscopy studies performed in the C) basal ganglia, D) 

thalamus, E) occipital/parietal gray matter and F) parietal white matter regions of interest 

show decreased NAA in all regions being particularly pronounced in gray matter. In 

addition, lactate (and underlying lipids) is increased in gray matter consistent with acute and 

significant hypoxic ischemic brain injury in this region. The patient died following 

withdrawal of support due to severe neurologic injury.
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Table 1.

Child and cardiac arrest characteristics overall and by outcome at hospital discharge.

Overall N=23 Favorable outcome n=10 
(43.5%)

Unfavorable outcome n=13 
(56.5%) p-value

Age, years 1.5 (0.3–4.0) 2.3 (0.3–13.3) 1.5 (0.3–2.4) .738

Female Sex, n (%) 14 (61) 6 (60) 8 (62) 1.000

Location of cardiac arrest 1.000

 In-Hospital 2 (9) 1 (10) 1 (8)

 Out-of-hospital 21 (91) 9 (90) 12(92)

Etiology 0.068

 Asphyxia 20 (87) 7 (70) 13(100)

 Cardiac 3 (13) 3 (30) 0 (0)

Epinephrine doses 3.0 (1.0–4.0) 2.5 (0.0–5.0) 3.0 (2.0–3.0) 0.889

First documented rhythm n=22 n=10 n=12 0.056

 Pulseless electrical activity 12 (55) 6 (60) 6 (50)

 Asystole 7 (32) 1 (10) 6 (50)

 Sinus 2 (9) 2 (20) 0 (0)

 Ventricular tachycardia or fibrillation 1 (5) 1 (10) 0 (0)

Witnessed 8 (35) 7 (70) 1 (8) 0.006

Bystander CPR 18 (78) 7 (70) 11 (85) 0.618

Hospital length of stay, days 24.0 (14.0–37.0) 21.0 (9.0–26.0) 33.0 (23.0–43.0) 0.037

ICU length of stay, days 15.0 (9.0–33.0) 10.0 (6.0–13.0) 25.0 (15.0–37.0) 0.002

Died by hospital discharge 3 (13) 0 (0) 3 (23) 0.229

CA to brain MRI, days 6.0 (4.0–8.0) 5.5 (4.0–7.0) 6.0 (4.0–8.0) 0.771

The values are expressed as n (%) and median interquartile range (IQR)

The p-values are based on Fisher’s exact test for categorical variables and Wilcoxon test for median

All variables have complete data unless specified.

CPR, cardiopulmonary resuscitation; ICU, intensive care unit; CA, cardiac arrest; MRI, magnetic brain imaging

Resuscitation. Author manuscript; available in PMC 2021 December 01.



A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

Fink et al. Page 16

Ta
b

le
 2

.

M
ag

ne
tic

 r
es

on
an

ce
 im

ag
in

g 
re

su
lts

 b
y 

ra
nd

om
iz

ed
 g

ro
up

 a
nd

 o
ut

co
m

e 
at

 h
os

pi
ta

l d
is

ch
ar

ge
.

O
ve

ra
ll 

N
=2

3
24

 h
 H

T
 N

=1
2

72
 h

 H
T

 N
=1

1
p

F
av

or
ab

le
 o

ut
co

m
e 

N
=1

0
U

nf
av

or
ab

le
 o

ut
co

m
e 

N
=1

3
p

R
O

SC
 t

o 
M

R
I,

 d
ay

s
6.

0 
(4

.0
–8

.0
)

5.
0 

(3
.5

–6
.5

)
7.

0 
(5

.0
–1

0.
0)

0.
12

6
5.

5 
(4

.0
–7

.0
)

6.
0 

(4
.0

–8
.0

)
0.

77
1

T
2

 
Fr

on
ta

l l
ob

e
5 

(2
2)

3 
(2

5)
2 

(1
8)

1.
00

0
1 

(1
0)

4 
(3

1)
0.

33
9

 
Te

m
po

ra
l l

ob
e

3 
(1

3)
2 

(1
7)

1 
(9

)
1.

00
0

0 
(0

)
3 

(2
3)

0.
22

9

 
Pa

ri
et

al
 lo

be
5 

(2
2)

3 
(2

5)
2 

(1
8)

1.
00

0
1 

(1
0)

4 
(3

1)
0.

33
9

 
O

cc
ip

ita
l l

ob
e

4 
(1

7)
3 

(2
5)

1 
(9

)
0.

59
0

1 
(1

0)
3 

(2
3)

0.
60

4

 
L

en
tif

or
m

15
 (

68
),

 n
=

22
9 

(8
2)

, n
=

11
6 

(5
5)

0.
36

1
3 

(3
3)

, n
=

9
12

 (
92

)
0.

00
7

 
C

au
da

te
12

 (
55

),
 n

=
22

8 
(7

3)
, n

=
11

4 
(3

6)
0.

19
8

3 
(3

3)
, n

=
9

9 
(6

9)
0.

19
2

 
T

ha
la

m
us

11
 (

50
),

 n
=

22
7 

(6
4)

, n
=

11
4 

(3
6)

0.
39

5
3 

(3
3)

, n
=

9
8 

(6
2)

0.
38

7

 
C

er
eb

el
lu

m
1 

(4
4)

1 
(8

)
0 

(0
)

1.
00

0
1 

(1
0)

0 
(0

)
0.

43
5

 
B

ra
in

 s
te

m
0 

(0
)

0 
(0

)
0 

(0
)

N
A

0 
(0

)
0 

(0
)

N
A

 
Po

st
er

io
r 

lim
b 

of
 th

e 
in

te
rn

al
 c

ap
su

le
1 

(5
);

 n
=

22
1 

(9
);

 n
=

11
0 

(0
)

1.
00

0
1 

(1
1)

; n
=

9
0 

(0
)

0.
40

9

 
C

en
tr

um
 s

em
i-

ov
al

e
1 

(5
);

 n
=

22
1 

(9
);

 n
=

11
0 

(0
)

1.
00

0
0 

(0
);

 n
=

9
1 

(8
)

1.
00

0

D
if

fu
si

on
-w

ei
gh

te
d 

im
ag

in
g

 
Fr

on
ta

l l
ob

e
7 

(3
0)

6 
(5

0)
1 

(9
)

0.
06

9
2 

(2
0)

5 
(3

9)
0.

40
5

 
Te

m
po

ra
l l

ob
e

4 
(1

7)
4 

(3
3)

0 
(0

)
0.

09
3

1 
(1

0)
3 

(2
3)

0.
60

4

 
Pa

ri
et

al
 lo

be
7 

(3
0)

6 
(5

0)
1 

(9
)

0.
06

9
2 

(2
0)

5 
(3

9)
0.

40
5

 
O

cc
ip

ita
l l

ob
e

6 
(2

6)
5 

(4
2)

1 
(9

)
0.

15
5

1 
(1

0)
5 

(3
9)

0.
17

9

 
L

en
tif

or
m

9 
(4

1)
; n

=
22

6 
(5

5)
; n

=
11

3 
(2

7)
; n

=
11

0.
38

7
2 

(2
2)

; n
=

9
7 

(5
4)

0.
20

3

 
C

au
da

te
6 

(2
7)

; n
=

22
4 

(3
6)

; n
=

11
2 

(1
8)

; n
=

11
0.

63
5

1 
(1

1)
; n

=
9

5 
(3

9)
0.

33
3

 
T

ha
la

m
us

7 
(3

2)
; n

=
22

5 
(4

6)
; n

=
11

2 
(1

8)
; n

=
11

0.
36

1
2 

(2
2)

; n
=

9
5 

(3
9)

0.
64

8

 
C

er
eb

el
lu

m
0 

(0
)

0 
(0

)
0 

(0
)

N
A

0 
(0

)
0 

(0
)

N
A

 
B

ra
in

 s
te

m
1 

(4
)

1 
(8

)
0 

(0
)

1.
00

0
1 

(1
0)

0 
(0

)
0.

43
5

 
Po

st
er

io
r 

lim
b 

of
 th

e 
in

te
rn

al
 c

ap
su

le
1 

(5
);

 n
=

22
0 

(0
);

 n
=

11
1 

(9
);

 n
=

11
1.

00
0

0 
(0

);
 n

=
9

1 
(8

)
1.

00
0

 
C

en
tr

um
 s

em
i-

ov
al

e
2 

(9
);

 n
=

22
1 

(9
);

 n
=

11
1 

(9
);

 n
=

11
1.

00
0

0 
(0

);
 n

=
9

2 
(1

5)
0.

49
4

G
en

er
al

iz
ed

 e
de

m
a

3 
(1

4)
; n

=
22

3 
(2

7)
; n

=
11

0 
(0

);
 n

=
11

0.
21

4
0 

(0
);

 n
=

9
3 

(2
3)

0.
24

0

B
ra

in
 h

er
ni

at
io

n
0 

(0
)

0 
(0

)
0 

(0
)

N
A

0 
(0

)
0 

(0
)

N
A

Resuscitation. Author manuscript; available in PMC 2021 December 01.



A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

Fink et al. Page 17
C

om
pa

ri
so

ns
 b

et
w

ee
n 

le
si

on
s 

an
d 

ra
nd

om
iz

ed
 o

r 
ou

tc
om

e 
gr

ou
p 

an
al

yz
ed

 w
ith

 F
is

he
r 

ex
ac

t t
es

t

R
O

SC
, r

et
ur

n 
of

 s
po

nt
an

eo
us

 c
ir

cu
la

tio
n;

 M
R

I,
 m

ag
ne

tic
 r

es
on

an
ce

 im
ag

in
g;

 H
T,

 h
yp

ot
he

rm
ia

; N
A

, n
ot

 a
pp

lic
ab

le

Resuscitation. Author manuscript; available in PMC 2021 December 01.



A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

Fink et al. Page 18

Ta
b

le
 3

.

M
ag

ne
tic

 r
es

on
an

ce
 s

pe
ct

ro
sc

op
y 

re
su

lts
 b

y 
ra

nd
om

iz
ed

 g
ro

up
 a

nd
 o

ut
co

m
e 

at
 h

os
pi

ta
l d

is
ch

ar
ge

.

O
ve

ra
ll 

N
=1

4
24

 h
r 

hy
po

th
er

m
ia

 N
=8

72
 h

r 
hy

po
th

er
m

ia
 N

=6
p

F
av

or
ab

le
 o

ut
co

m
e 

N
=6

U
nf

av
or

ab
le

 o
ut

co
m

e 
N

=8
p

B
as

al
 G

an
gl

ia

L
ac

ta
te

1.
18

 (
0.

89
–2

.0
3)

1.
67

 (
1.

07
–3

.2
9)

0.
96

 (
0.

47
–1

.1
9)

0.
18

1
0.

75
 (

0.
21

–1
.4

1)
1.

56
 (

1.
07

–4
.4

7)
0.

10
8

N
-a

ce
ty

la
sp

ar
ta

te
6.

99
 (

4.
49

–8
.2

1)
6.

99
 (

4.
24

–7
.7

4)
7.

48
 (

4.
85

–9
.1

3)
0.

41
4

8.
36

 (
7.

29
–9

.1
3)

5.
60

 (
4.

09
–7

.0
4)

0.
05

9

L
ac

ta
te

/N
A

A
 R

at
io

0.
19

 (
0.

10
–0

.3
5)

0.
27

 (
0.

15
–0

.6
8)

0.
14

 (
0.

05
–0

.1
9)

0.
28

2
0.

08
 (

0.
03

–0
.2

8)
0.

23
 (

0.
18

–1
.1

0)
0.

08
1

P
ar

ie
to

oc
ci

pi
ta

l g
ra

y 
m

at
te

r

L
ac

ta
te

0.
93

 (
0.

69
–1

.9
8)

1.
53

 (
0.

81
–2

.6
8)

0.
82

 (
0.

63
–0

.9
2)

0.
10

8
0.

74
 (

0.
68

–0
.9

2)
1.

83
 (

0.
90

–2
.6

8)
0.

04
3

N
-a

ce
ty

la
sp

ar
ta

te
4.

82
 (

3.
42

–8
.8

6)
3.

81
 (

3.
03

–7
.7

9)
6.

90
 (

4.
70

–1
0.

85
)

0.
22

8
9.

73
 (

7.
88

–1
0.

85
)

3.
54

 (
2.

52
–4

.8
2)

0.
00

5

L
ac

ta
te

/N
A

A
 R

at
io

0.
16

 (
0.

09
–0

.8
3)

0.
40

 (
0.

10
–0

.9
3)

0.
11

 (
0.

09
–0

.1
8)

0.
22

8
0.

09
 (

0.
06

–0
.0

9)
0.

64
 (

0.
16

–0
.9

3)
0.

00
5

P
ar

ie
ta

l w
hi

te
 m

at
te

r

L
ac

ta
te

0.
99

 (
0.

70
–1

.7
8)

; n
=

9
1.

06
 (

0.
67

–1
.5

8)
; n

=
4

0.
99

 (
0.

70
–1

.7
8)

; n
=

5
0.

90
5

0.
74

 (
0.

64
–1

.2
7)

; n
=

4
1.

35
 (

0.
99

–1
.8

1)
; n

=
5

0.
28

6

N
-a

ce
ty

la
sp

ar
ta

te
8.

07
 (

6.
81

–9
.1

0)
; n

=
9

8.
07

 (
7.

44
–8

.8
2)

; n
=

4
7.

50
 (

4.
62

–9
.1

0)
; n

=
5

0.
73

0
9.

33
 (

8.
58

–1
0.

10
);

 n
=

4
6.

81
 (

4.
62

–7
.5

0)
; n

=
5

0.
03

2

L
ac

ta
te

/N
A

A
 R

at
io

0.
20

 (
0.

08
–0

.2
3)

; n
=

9
0.

14
 (

0.
08

–0
.2

1)
; n

=
4

0.
20

 (
0.

09
–0

.3
0)

; n
=

5
0.

73
0

0.
08

 (
0.

07
–0

.1
4)

; n
=

4
0.

23
 (

0.
20

–0
.3

0)
; n

=
5

0.
03

2

T
ha

la
m

us

L
ac

ta
te

1.
31

 (
0.

97
–1

.9
5)

; n
=

13
1.

35
 (

0.
97

–2
.6

6)
; n

=
7

1.
15

 (
0.

72
–1

.9
5)

; n
=

6
0.

53
4

1.
10

 (
0.

54
–1

.9
5)

1.
35

 (
1.

07
–4

.2
3)

; n
=

7
0.

29
5

N
-a

ce
ty

la
sp

ar
ta

te
8.

12
 (

6.
20

–9
.7

7)
8.

12
 (

6.
20

–1
0.

20
)

8.
30

 (
6.

19
–9

.7
7)

0.
94

5
9.

69
 (

8.
12

–1
0.

20
)

6.
97

 (
4.

16
–9

.7
6)

0.
13

8

L
ac

ta
te

/N
A

A
 R

at
io

0.
16

 (
0.

12
–0

.2
0)

0.
16

 (
0.

12
–0

.4
3)

0.
15

 (
0.

10
–0

.2
0)

0.
83

6
0.

12
 (

0.
05

–0
.2

0)
0.

17
 (

0.
13

–1
.0

2)
0.

29
5

C
om

pa
ri

so
ns

 b
et

w
ee

n 
m

et
ab

ol
ite

s 
an

d 
ra

nd
om

iz
ed

 o
r 

ou
tc

om
e 

gr
ou

p 
an

al
yz

ed
 w

ith
 W

ilc
ox

on
 r

an
k 

su
m

 te
st

N
A

A
, N

-a
ce

ty
l-

as
pa

rt
at

e

Resuscitation. Author manuscript; available in PMC 2021 December 01.


	Abstract
	INTRODUCTION
	PATIENTS AND METHODS
	Study Design.
	Enrollment of Patients.
	Data Collection.
	MRI Acquisition and Analysis.
	MRS.
	Statistical Analyses:


	RESULTS
	Patients
	Brain MRI and Child Outcomes
	Brain MR Spectroscopy and Child Outcomes

	DISCUSSION
	Study limitations

	CONCLUSION
	References
	Figure 1.
	Figure 2.
	Figure 3.
	Figure 4.
	Table 1.
	Table 2.
	Table 3.

