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Abstract

Background: Existing methods to predict recovery after out-of-hospital cardiac arrest (OHCA) lack of accuracy. The aim of this study was to determine

whether quantitative proton chemical shift imaging (1H-CSI) during the subacute stage of OHCA can predict neurological outcome of such patients.

Methods: This monocentric prospective observational study was conducted in a Intensive Care Unit of a teaching hospital. Forty consecutive patients

with OHCA were enrolled between January 1st 2011–December 31st 2013. Multivoxel 1H-CSI values were compared to structural magnetic resonance

imaging (MRI) sequences (fluid-attenuated inversion recovery and diffusion-weighted imaging). Ratios of N-acetyl-aspartate (NAA) to creatine (Cr) and

choline compounds were analyzed using region of interest in bilateral lenticular cores and thalami. The outcome evaluated was the Cerebral

Performance Category (CPC) at 6 months, dichotomized as favorable (CPC 1-2) and unfavorable outcome (CPC 3-5). The performance was compared

by area under the receiver operating characteristic (ROCAUC) curves analysis.

Results: Twenty nine OHCA had an interpretable MRI. Eight patients (28%) had favorable outcome at 6 months. The worst NAA/Cr in lenticular cores

was the best 1H-CSI marker, with 80% sensitivity (95% confidence interval (CI), 57–94) and a 100% specificity (95% CI, 63–100) with a positive predictive

value of 100%. Prognostic accuracy, as quantified by the ROCAUC, was higher with the worst NAA/Cr in lenticular cores (ROCAUC 0.88; 95% CI, 0.70–

0.97) than with the structural MRI sequences.

Conclusion: In this preliminary study we found that multivoxel 1H-CSI in lenticular cores was highly predictive of unfavorable outcome at 6 months.
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Introduction

Out-of-hospital cardiac arrest (OHCA) is a major cause of death and
disability with an annual incidence of 60 for 100,000 habitants.1

Numerous efforts have been made to develop tools that help in
detecting injury severity and subsequent outcomes. The more-
commonly used indicators of OHCA severity include the initial cardiac
rhythm, the length of resuscitation, the initial Glasgow Coma Scale,
and the presence of nonreactive pupils.2 However the clinical course
of neurological recovery is obscured by sedation and hypothermia.3

An early assessment of unfavorable prognosis based on the sole
clinical examination may contribute to withdrawal of life sustaining
therapy in nearly 20% of patients who may otherwise have shown
complete neurological recovery.2 The development of additional
prediction tools, including electrophysiological examinations (electro-
encephalography and somatosensory evoked potentials), neuroim-
aging and chemical biomarkers as protein S100b or Neuron Specific
Enolase may help to evaluate the extent of brain injury.3 Considering
the limits of sensitivity and specificity of these predictive tools, last
published guidelines on OHCA recommend delaying prognostication
after therapeutic hypothermia and using multiple prognostic tools.4–6

Advances in MRI-based neuroimaging techniques, as diffusion
tensor imaging, magnetisation transfer ratio, and perfusion imaging
offer new potential to brain injury prognosis.7 Multivoxel in vivo

proton chemical shift imaging (1H-CSI) known as magnetic
resonance spectroscopic (MRS) imaging has also the advantage
of being a unique noninvasive method to quantify the magnitude and
regional distribution of injury.8 1H-CSI enables to measure levels of
several metabolites markers of neuronal integrity and cell
membrane turnover.9 N-acetylaspartate (NAA) levels are commonly
used as a marker for neuronal loss after traumatic or hypoxic-
ischemic brain injury, Creatine and phosphocreatine (Cr) resonance
levels may represent gliosis, Choline (Cho) resonance represents
cell membrane turnover.8 Although several studies have been
conducted using this technique in TBI patients with inconsistent
results,10 few data are available for post ischemic patients,
especially following OHCA. Most of the studies have been
conducted in perinatal hypoxia preterm or term newborn with
consistent results on the prognosis value of the NAA/Cr ratio
measured in striatum.11–13 In adults patients after OHCA, limited
data on 1H-CSI have been reported to assess prognosis.14–16

The goal of this study was to assess and validate the prognostic
performance of 1H-CSI in the subacute phase (7–14 days post insult)
of hypoxic-ischemic brain injury in OHCA patients.

Materials and methods

Study population

All comatose patients (Glasgow Coma Scale, GCS < 9) on
admission aged 18–80 years admitted from January 1st 2011 to
December 31st 2013, for OHCA from cardiac or respiratory causes
were eligible. Pregnant women, and patient with contraindication to
magnetic exposure were excluded from the study. The study
protocol was approved by the local institutional ethics committee
(Comité de Protection des Personnes Sud Méditerrranée V, study
no. 2011-A00683-38), written informed consent was obtained from
the next-of-kin before enrolment. When possible, patient's consent

was obtained in case of favorable neurologic outcome in accor-
dance with the French law.

Patient management

Patients were treated according to a standardised institutional
protocol that complied with the International Liaison Committee On
Resuscitation recommendations6 and has been described else-
where.17 Briefly, after return of spontaneous circulation obtained
by the medical prehospital team, coronary angiography and
percutaneous coronary intervention were performed if needed.
Then patients were admitted in our 40 beds intensive care unit
(ICU) of our tertiary care university hospital. All comatose OHCA
patients were treated with a target body temperature for 24 h
according to guidelines, were sedated with an association of
midazolam and fentanyl during hypothermia and paralyzed using
continuous infusion of cisatracurium. All patients were intubated
and mechanically ventilated aiming at a PaO2 between 75 and
100 mmHg and PaCO2 between 35 and 45 mmHg. A central
venous catheter and an arterial line were inserted for monitoring
respectively central venous and arterial blood pressure, and blood
sampling. Therapeutic goals were a mean arterial pressure
>80 mmHg and urine output >0.5 mL/kg/hr. These goals were
reached by giving fluid infusion or dobutamine or norepinephrine
according to hemodynamic monitoring data. Glucose was main-
tained between 0.8 and 1.2 g/dl by continuous insulin infusion
according to a local protocol.

Data collection

Demographic and clinical informations were collected prospectively
with an Utstein-style data.18 Glasgow Coma Scale19 was assessed at
hospital admission, and day of MRI acquisition and arterial blood
lactate levels on admission and at 24 h later, OHCA score20 was
computed for each patient (Supplemental, additional file 1). The
severity of disease was characterized by the Simplified Acute
Physiology Score II21 on the first day after admission.

MR imaging data acquisition

MR imaging was performed mean 7 days after OHCA, according to
tolerance of transport of such patients. Structural MRI and 1H-MRS,
were performed on 1.5-T Signa HDxt imager (GE Healthcare,
Milwaukee, WI, USA). Pulse sequences included a T2-weighted
sequence (axial; slice thickness, 5 mm; TR/TE, 6,400/105 ms;
bandwidth, 122 Hz; flip angle, 90�; matrix, 512 � 320; field of view
(FOV), 240 mm), T2*-weighted sequence (axial; slice thickness,
5 mm; TR/TE, 640/18 ms; bandwidth, 57 Hz; flip angle, 20�; matrix,
352 � 224; FOV, 250 mm), fluid-attenuated inversion recovery
(FLAIR; axial; slice thickness, 5 mm; TR/TE/TI, 9,000/160/
2,250 ms; bandwidth, 122 Hz; flip angle, 90�; matrix, 256 � 192;
FOV, 250 mm), and diffusion-weighted imaging (DWI; axial; slice
thickness, 3 mm; TR/TE, 6,150/102 ms; max b value of 1000 s/mm2;
bandwidth, 1953 Hz; flip angle, 90�; matrix, 128 � 128; FOV,
250 mm). Structural MRI acquisition took about 20 min, depending
on the number of slices required to cover the brain. Multivoxel 1H-
CSI was acquired using the point-resolved proton spectroscopy
sequence (PRESS) with the following parameters: slice thickness,
20 mm; TR/TE, 1000/144 ms; matrix, 16 � 16; FOV, 240 mm;
number of excitation, 1. The axial 1H-MRS covering a region from
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the head of striatum to the thalamus. This acquisition took 11 min.
The MR images were retrieved in DICOM (Digital Imaging and
Communications in Medicine) format from picture archiving and
communication system servers at the hospitals.

Image processing

Brain MR images were reviewed by a board-certified blinded
radiologist (ME.A, with 10 years of postfellowship experience) to
evaluate possible structural abnormalities. Participants with any
evidence of territorial stroke of any age, intracranial hemorrhage, or
intracranial mass lesions were excluded; in addition, any subject with
head motion greater than 2 mm across the imaging session was
excluded. MR imaging morphologic analysis was accomplished using
a validated score on the basis of a visual rating. In the FLAIR-DWI
scoring (Supplemental, additional file 2) proposed by Hirsch et al.22

developed in a similar population with OHCA, the anatomic location
and degree of signal abnormality on FLAIR images and DWI
sequences is rated from 0 (normal) to 4 (severe), and composite
tissue signal change is then calculated in cortical, basal ganglia and
thalamus, brainstem, and cerebellar structures. The sum of scores in
cortical, basal ganglia, and all structures is referred to as the “cortex”,
“deep gray nuclei”, and “overall score”, respectively. The sum or all
scores recorded by using FLAIR and DWI is known as the DWI-FLAIR
score, respectively.22

Multivoxel 1H-CSI data processing was performed by an expert
radiologist allowing to measure the area under the curve by

standard manufacturer software dedicated to MR spectroscopy
post-processing (Advantage Windows for General Electric). The
volume of interest was placed carefully to avoid contact with
cerebral spinal fluid on non-angled FLAIR images after coregistra-
tion of spectroscopic data and FLAIR volume (Fig. 1). The spectra
were analyzed to determine the concentration of metabolites in the
lenticular cores (right and left side) and thalami (right and left side):
NAA (at 2.0 ppm), Cho (at 3.2 ppm) and Cr (at 3.0 ppm). The quality
of the selected spectra was visually inspected and was considered
acceptable only if Cho and Cr signals were clearly separated. The
spectra were also rejected if MR spectroscopists detected artefacts
such as large baseline distortions, exceptionally broadened
metabolite peaks, insufficient removal of the water line, large phase
errors, and signals originating from outside the voxel as conven-
tionally used in clinical practice. In all cases, peak surface area was
used to calculate metabolite ratios for metabolite quantification. The
worst value of bilateral lenticular cores and thalami were analyzed
except in cases of some non interpretable voxels. In this case, the
sole side with spectra of good quality was taken into account.

Outcome

Physicians in charge of the patients were blinded to 1H-CSI but had
access to conventional MRI sequences (without FLAIR-DWI
scoring) as well as all clinical, biological, and electrophysiological
data. All clinical decisions remained at the discretion of the treating
team.

Fig. 1 – Acquisition and Spectral Fitting of Multivoxel Proton Chemical Shift Imaging (1H-CSI). Solid green squares on axial FLAIR MRI
represent the size of 1H-CSI voxel. Spectrum samples showing variation of spectra across the region of interest
(1: right lenticular core; 2: right thalamus; 4: left thalamus 5: left lenticular core). MR spectrums of sample voxel show
N-acetyl-aspartate (NAA; 2.0 ppm), creatine plus phosphocreatine (Cr; 3.0 ppm), and choline compounds (Cho;
3.2 ppm), as well as contaminating lipids. (For interpretation of the references to colour in this figure legend, the reader
is referred to the web version of this article).
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Neurologic performance was assessed at 6 months according to
Glasgow-Pittsburgh Cerebral Performance Categories (CPC; Sup-
plemental, additional file 3)23 based on data issued from medical
files or from telephone calls. Briefly, CPC 1 as normal, CPC 2 as
moderate disability, CPC 3 as severe disability, CPC 4 as persistent
vegetative state, and CPC 5 as death. CPC at 6 months was the
primary outcome measure for stratifying patients into favorable
outcomes (CPC 1-2) and unfavorable outcome (CPC 3-5).

Statistical analysis

Data were tested for normality and are presented as mean � standard
deviation or median [interquartile range (IQR)] for continuous
variables when appropriate. Categorical variables are presented as
n (%). Comparisons between groups according to outcome at 6
months were performed using Mann-Whitney U test or x2 test when
appropriate. Univariate logistic regression models were used to
examine the predictive value of each variable. Additional details of
odds ratios are available in the appendix (Supplemental). For each
predictive variable (P < 0.05), a receiver-operating-characteristic
curve was plotted, and the corresponding area under the curve
(ROCAUC) was computed. An optimal cutoff was defined as the value
leading to the maximal sensitivity at 100% specificity. For this optimal
cutoff, specificity, sensitivity, and positive and negative predictive
values were computed, with 95% Confidence Interval (CI) computed
by bootstrap. The ROCAUC and sensitivity of each variable were
compared using the method described by DeLong et al.24 and Fisher’s
exact test, respectively. All these statistics were also computed for
three multivariate logistic regression models. Multivariate analysis
was performed using backward stepwise logistic regression to enter
variables that yielded P values smaller than <0.1 in the univariate
analysis to identify factors that independently predicted the 6 months
outcome P < 0.05 was considered statistically significant. Statistical
analysis was performed using MATLAB R2017a and Statistics and
Machine Learning Toolbox 11.1 (The MathWorks Inc., Natick, MA).

Results

During the selected period, 40 patients admitted in our intensive care
unit after a OHCA met the inclusion criteria, 29 were included in the
analysis with an interpretable multi-modal MRI (see consort diagram
Fig. 2); 8 (28%) had a favorable neurologic outcome (5 with a CPC
score of 1 and 3 with a CPC of 2). Unfavorable outcome was reported
in 21 patients: 17 (81%) died during hospital stay with a median
survival time of 16 days (IQR 12–40 days), at 6 months; one patient
had CPC 4 and 20 CPC 5 (see Data in Brief, Table 1). Withdrawal or
limitation-of-care decisions were taken for 15 patients (52%).
Characteristics of patients are summarized in Table 1. At baseline,
there was no significant difference between patients with favorable or
unfavorable outcome in terms of proportion of shockable rhythm or
time to return of spontaneous circulation. Patients with a favorable
outcome were younger (P = 0.03) and had a lower serum lactate level
at H24 (P = 0.04).

Median time to MRI was not significantly different in unfavorable-
and favorable-outcome patients (7 (IQR 7–9 days) vs. 8 (IQR 6–12
days) days; P = 0.66). The GCS was significantly lower in the
unfavorable group compared to favorable one on the MRI-day (10
(IQR 9–12) vs. 3 (IQR 3–6); p = 0.005; Table 2). FLAIR-DWI deep
nuclei scores were significantly higher (i.e. worse) in the unfavorable

outcome group (2 (IQR 0–13) vs. 1 (IQR 0–2); p = 0.05; Table 2). FLAIR
or DWI images showed mild-to-severe signal abnormalities in cortex
in 4 patients with a favorable outcome.

In total, 11 (27%) 1H-CSI spectra were not interpretable. The worst
NAA/Cr ratios in lenticular cores was significantly lower in the
unfavorable- vs. favorable-outcome patients (1.12 � 0.37 vs.

1.62 � 0.34 respectively; P = 0.002; see Table 2). There was no
significant difference between group in Naa/Cr ratios in the thalamus
(1.75 � 0.45 vs. 1.71 � 0.64 respectively; P = 0.87; see Table 2). The
NAA/Cho ratio measured in lenticular cores and thalami was not
significantly different between groups (respectively P = 0.08 and 0.67;
see Table 2).

Fig. 3 summarizes the results of ROC curves for the principal
predictors of unfavorable outcome. Table 3 shows the cutoff value
predictive of unfavorable outcome with a specificity of 100%, the
sensitivity value corresponding to this cutoff value and ROCAUC for
each predictor. The optimal cutoff value of worst NAA/Cr in lenticulair
cores was <1.32 with a specificity of 100% (sensitivity 80%). The
same cutoff value, similar specificity and sensitivity were obtained in
adjusted analyses of the subpopulation excluding patients with
withdrawal or limitation of care (see Data in Brief article Table 3).

Multivariate analyses and specific results are shown in Data in
Brief article (Data in Brief article Table 2 and Fig. 1). Briefly, in the first
model, significant selected variables were SAPS II and Glasgow
Coma Scale at MRI. The ROCAUC was 0.85 (95% CI, 0.71–0.99). The
second model, which included the FLAIR-DWI DNG score, increased
the ROCAUC to 0.86 (95% CI, 0.73–0.99). Finally, the third model,
which included worst NAA/Cr in lenticular cores, increased the
ROCAUC to 0.95 (95% CI, 0.87–1.00), with a specificity of 100% (95%
CI, 63%–100%) and a sensitivity of 90% (95% CI, 70%–99%).

Discussion

The major findings of this prospective preliminary study suggest as
follow: 1) The DWI-FLAIR “deep gray nuclei” score could be predictive

Fig. 2 – CONSORT flow chart of the cohort. Assessment,
analysis population, and follow-up of the patients in the
trial.
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prognostic factor in patient 7 days after OHCA. 2) The Worst NAA/Cr
ratio measured in lenticular cores seems to be a feasible predictive
factor also in this setting. 3) The association of clinical data (SAPS II
and GCS at MRI time), and MRI data as the “deep gray nuclei” score
and NAA/Cr ratio measured in lenticular core seems to be an accurate
prognostic factor for patient after CA associating an excellent
sensitivity (90%) for a specificity of 100%.

Anoxic or hypoxic- ischemic-encephalopathy (HIE) is difficult to
predict on clinical grounds. Few studies recorded both MRI findings
and long-term outcome.5 Diffuse cortical abnormality by DWI in the
acute phase following OHCA appears to be of unfavorable prognostic
significance.25 The Hirsh score has been described recently as an
accurate scoring after cardiac arrest.22 Using DWI and FLAIR
sequences, Hirsch et al.22 developed a score according to the
importance of lesion in different cerebral areas. They reported a
specificity of 100% and a sensitivity 50–60%. Our data show a
sensitivity of 57% with a specificity of 100% for a threshold of 8 in “deep
gray nuclei” score. Such variation in accuracy could be explained by
the delayed MRI exam in our study compared to Hirsch et al. one in
which the median time to MRI was early, between 72–96 h after cardiac
arrest. In our study, the median time to MRI was later, approximately 7
days corresponding to a subacute phase after injury. Indeed, an
evolution of MRI brain variables over time has been recently reported

in a newborn population after hypoxic lesion, especially within the first
72 h after injury.26 Greer et al.,27 using serial MRI after adult cardiac
arrest showed that in patient with unfavorable outcome there was a
worsening in the signal abnormalities between the early phase (days
1–5) and the subacute period (days 6–12) with substantial new white
matter changes on imaging, more often seen on DWI (100%) than
FLAIR (60%). We decided to propose MRI exam 7 days after OHCA
because in clinical practice, most discussions on therapeutic limitation
take place during this period. Moreover, OHCA patients are commonly
critical care patient with haemodynamic and respiratory instability, and
MRI exam could be difficult at the early time following OHCA. Although
Hirsh et al. described several patients with impossibility to undergo
MRI exam because of agitation or haemodynamic instability, we report
only 4 patients with movement artefact in our group.

The presence of the amino acid derivative N-acetylaspartate
(NAA) is almost exclusive to neurons and their processes and is,
therefore, an accepted marker of their health28–30 and, as such, its
concentration will decrease with increasing damage to the brain.31We
can also suggest that the 7 days delay for monitoring NAA
concentration, a specific marker of neuronal damage, support the
possibility of brain lesion detection. 1H-CSI was found to correlate with
outcome of traumatic brain injury10,32 but has not been already well
studied in adults after OHCA. In neonatal HIE, 1H-CSI of the basal

Table 1 – Baseline Characteristics of the Patients.

Characteristics All
patients

Favorable
outcome (CPC 1–2)

Unfavorable
outcome (CPC 3–5)

P Valuey

(N = 29) (N = 8) (N = 21)

Demographics
Age, years 58 � 14 50 � 14 62 � 12 0.03
Male sex, n (%) 23 (79) 6 (75) 17 (81) 1.00

Arrest characteristics
Shockable rhythm, n (%) 17 (59) 6 (75) 11 (52) 0.41
Ventricular fibrillation, n (%) 12 (41) 3 (37) 9 (43) 1.00
Non-perfusing ventricular tachycardia, n (%) 2 (7) 1 (13) 1 (5) 0.48
Nonshockable, n (%) 12 (41) 2 (25) 10 (48) 0.41
Asystole, n (%) 10 (35) 2 (25) 8 (38) 0.68
Pulseless electrical activity, n (%) 2 (7) 0 (0) 2 (10) 1.00
Unknown first rhythm, n (%) 2 (7) 2 (25) 0 (0) 0.07
Epinephrine, n (%) 21 (72) 5 (63) 16 (76) 0.65
Total dose of epinephrine during CPR, mg 3 [1–6] 1 [0–3] 4 [2–6] 0.12
Time to return of spontaneous circulation, min 18 [11–25] 16 [15–22] 19 [11–29] 0.92

Postresuscitation
SAPS II 60 � 19 51 � 15 65 � 19 0.07
Corneal reflex absent, n (%) 11 (38) 5 (63) 6 (29) 0.20
Serum lactate on ICU admission, mmol/l 3.2 [1.5–6.4] 2.2 [0.8–3.6] 3.4 [1.7–6.5] 0.13
Serum creatinine on ICU admission, mmol/l 99 [81–132] 88 [80–97] 113 [81–138] 0.25
Percutaneous coronary artery intervention, n (%) 13 (45) 5 (62) 8 (38) 0.40
Hypothermia, n (%) 23 (82) 6 (75) 17 (85) 1.00
Renal replacement therapy, n (%) 8 (28) 2 (25) 6 (29) 1.00
Withdrawal or limitation of life sustaining therapy, n (%) 15 (14) 0 (0) 15 (71) <0.001
ICU mortality, n (%) 8 (28) 0 (0) 8 (38) 0.003
ICU length of stay, days 13 [8–18] 11 [7–16] 14 [9–21] 0.33
Hospital mortality, n (%) 9 (31) 0 (0) 9 (43) 0.03

Data are expressed as median [IQR], means � SD or counts (%) when appropriate.
CPC denotes Cerebral Performance Categories; CPR, cardiopulmonary resuscitation; ICU, intensive care unit; SAPS II, Simplified Acute Physiology Score II.
y P-value for patients with a best numerical CPC 1 and 2 (favorable outcome) vs. those with categories 3 through 5 (unfavorable outcome).
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ganglia and thalamus has been used to predict an adverse outcome.33

Boichot et al. described a decrease in NAA/Cr ratio in severe neonatal
HIE with unfavorable prognosis.12 This decrease seems not to be
influenced by hypothermia as reported later.13 In a recent meta-
analysis, 1H-CSI was considered as the most accurate quantitative
MRI biomarker within the neonatal period for prediction of neuro-
developmental outcome after HIE.34 In adults, very few data are
available, mostly case reports using the single voxel spectroscopy in
central white matter.14–16 Wartenberg et al. described the case of a
OHCA patient who was investigated 7 days after injury with
encouraging data of 1H-CSI compared to other prognostic assess-
ment techniques such as electroencephalography, or clinical
evaluation.35 To our knowledge, our study is the first to assess 1H-
CSI of lenticular cores and thalamus in a prospective cohort of OHCA.
In our study, the clinically relevant values of NAA/Cr ratio is 1.32, a
threshold below which the probability of unfavorable outcome is close
to 100.

Our findings should be interpreted in light of the following
potential limitations. First, we decided to perform 1H-CSI more than 6
days after OHCA. Most case reports studies have been conducted in
the acute phase after CA (24–48 h after CA) and focused on cerebral
lactate measurement.14,16 It is likely that metabolite concentration in
the brain is likely to change over time after HIE and lactate doublet
peak is likely to disappear as reported in newborns.26 However,

Table 2 – Distribution of Variables in Prognostic after Cardiac Arrest.

Variables All
patients

Favorable
outcome
(CPC 1–2)

Unfavorable
outcome
(CPC 3–5)

P-
valuey

Univariate logistic regression

(N = 29) (N = 8) (N = 21) Unit (UI) Odds Ratio (95%

confidence

interval)

P Valuez

Clinical and biological criteria in prognostication after cardiac arrest

Serum lactate at H24 — mmol/l 1.2 [1.0–2.2] 1.0 [0.6–1.1] 1.5 [1.1–2.3] 0.04 Per 0.1 UI increase 0.12 (0.07–0.20) 0.41
Glasgow Coma Scale at MRI 5 [3–10] 10 [9–12] 3 [3–6] 0.005 Per UI decrease 1.29 (1.05–1.58) 0.009
OHCA score 15 � 21 7 � 22 18 � 20 0.22 Per UI increase 1.03 (0.98–1.07) 0.215

Qualitative Magnetic Resonance Imaging (MRI) variables

FLAIR and DWI MRI interpretation — no. (%)

Hyperintensity in deep gray nuclei 16 (55) 5 (62) 11 (52) 0.69 Yes vs. no 0.70 (0.08–4.55) 0.69
Hyperintensity in cortical areas 12 (41) 1 (13) 11 (52) 0.09 Yes vs. no 7.22 (0.72–377.05) 0.09

FLAIR-DWI scoring system

Overall score 19 [10–54] 13 [11–15] 24 [7–56] 0.10 Per UI increase 1.06 (0.99–1.14) 0.017
Cortex score 12 [5–23] 10 [6–13] 19 [5–36] 0.22 Per UI increase 1.07 (0.98–1.16) 0.051
Deep gray nuclei score 2 [0–13] 1 [0–2] 10 [2–20] 0.05 Per UI increase 1.06 (0.99–1.15) 0.019

Quantitative MRI variables
1H-CSI N-acetyl aspartate over creatine ratio (NAA/Cr)

NAA/Cr Thalami 1.72 � 0.59 1.75 � 0.45 1.71 � 0.64 0.87 Per 0.1 UI decrease 0.09 (0.02–0.36) 0.87
NAA/Cr Lenticular cores 1.26 � 0.42 1.62 � 0.34 1.12 � 0.37 0.002 Per 0.1 UI decrease 10.08 (0.19–529.21) 0.001

1H-CSI N-acetyl aspartate over Cho ratio (NAA/Cho)

NAA/Cho Thalami 1.38 � 0.52 1.47 � 0.55 1.34 � 0.45 0.08 Per 0.1 UI decrease 0.06 (0.01–0.30) 0.55
NAA/Cho Lenticular cores 0.99 � 0.43 1.05 � 0.54 0.97 � 0.39 0.67 Per 0.1 UI decrease 0.06 (0.01–0.45) 0.66

Data are expressed as median [IQR], means � SD or counts (%) when appropriate.
DWI denotes diffusion weighted imaging; FLAIR, fluid-attenuated inversion recovery and 1H-CSI, proton chemical shift Imaging.
y P-value for patients with a best numerical Cerebral Performance Categories 1 and 2 (good outcome) vs. those with categories 3 through 5 (poor outcome).
z P-value for Odds Ratio.

Fig. 3 – Receiver-Operating-Characteristic Curves for unfavorable
outcome. DNG denotes Deep Gray Nuclei; DWI, Diffusion
Weighted Imaging; FLAIR, Fluid-Attenuated Inversion
Recovery; MRI, Magnetic Resonance Imaging; NAA/Cr,
N-Acetyl Aspartate over Creatinine ratios.
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delaying MRI examination has several advantages. It allows a better
hemodynamic and respiratory stabilization of the patients, improving
patient safety during transport and MRI, an important concern for an
exam without short-term benefit. In addition, the data are obtained
after the period of rapidly changing neurodegenerative changes,
improving the consistency of the data. Delayed 1H-CSI has been
used to predict prognosis after brain trauma with a good sensitivity
when MRI was performed 24 days after the injury.36 Finally, patient
recovery is often delayed for a few days due to the practice of
hypothermia and sedation. Patients often regain consciousness
between day 2 and day 5 and early 1H-CSI would lead to
unnecessary studies. In our study, the mean Glasgow score in
good recovery group at the MRI time, at 7 days, was only 10. Despite
allowing several days for stabilization in the ICU, we could obtain
interpretable 1H-CSI in only 73% of our patients. This can probably
be improved with increasing experience. Second, as in all others
studies using MRS which is limited to the selected region of interest
represents also a limitation. This point must be underlined because
the neurochemical profile was reported to be variable across brain
regions after an experimental focal ischemic lesion.37 We chose to
perform 1H-CSI measurements in 2 different regions of the brain

(Lenticular core and thalamus) in order to limit the bias related to
sampling choice. In fact, 1H-CSI in the thalami did not improve
prognosis accuracy. We chose these 2 regions because they are
easy to recognize and less prone to errors due to inaccurate
positioning of voxel samples. They were also associated with
prognosis in trauma patients38 but the metabolic pathways of brain
injury after brain trauma and OHCA are not similar. Neostriatal
structures (putamen and caudate nucleus) are particularly sensitive
to ischemia compared to globus pallidus or thalamus39. Thus, it is not
surprising to find that 1H-CSI in the lenticular cores was associated
with the best prognosis value in our study. Third, our methodological
choices for 1H-CSI can be discussed. We used Cr as the reference
metabolite concentration because it is the most stable one across
patients. Although its concentration may vary in the early period after
OHCA and hypothermia, probably delayed imaging limits the
amplitude of this change between patients. Because of our short-
time of echo, we were not able to study lactate ratio, which has been
used for assessment of prognosis in previous studies. We chose to
limit the duration of MRI scanning for safety reasons but it could be
interesting to evaluate brain lactate changes after OHCA. Finally, we
cannot exclude misclassification of outcome due to “self-fulfilling

Table 3 – Area Under the Receiver Operating Characteristic Curve (ROCAUC) Values and Cutoff Values with at least
100% Specificity Predicting Unfavorable Outcome after Cardiac Arrest.

Variables ROCAUC (95%

confidence interval)

Optimal
Cutoff

Specificity Sensitivity Predictive Positive
Value

Negative
Predictive
Value

Expressed in percent (95% confidence interval)

Clinical and biological criteria

Serum lactate at H24 0.81 (0.62-0.93) >7.25 100 (74–100) 6 (0–29) 100 (3–100)
43 (25–63)

Glasgow Coma Scale at MRI 0.84 (0.66–0.95) �4 100 (63–100) 67 (43–85) 100 (77–100)
53 (27–79)

Qualitative Magnetic Resonance Imaging

(MRI) variables

FLAIR-DWI “deep gray nuclei” score 0.79 (0.60–0.92) >8 100 (63–100) 57 (34–78) z 100 (74–100)
47 (23–72)

Quantitative Magnetic Resonance Imaging

(MRI) variables

NAA/Cr Lenticular cores 0.88 (0.71–0.97) �1.32 100 (63–100) 81 (58–95) 100 (81–100)
67 (35–90)

Combination of (Multivariate models)

Model 1: SAPS II + Glasgow Coma Scale at MRI 0.85 (0.71–0.99) – 100 (63–100) 76 (53–92) 100 (75–100)
50 (25–75)

Model 2: SAPS II + Glasgow Coma Scale at
MRI + FLAIR-DWI “deep gray nuclei” score

0.86 (0.73–0.99) – 100 (63–100) 62 (38–82) 100 (79–100)
62 (32–86)

Model 3: SAPS II + Glasgow Coma Scale at
MRI + FLAIR-DWI “deep gray nuclei”
score + NAA/Cr Lenticular cores

0.95 (0.87–1.00) – 100 (63–100) 90 (70–99) 100 (82–100)
80 (44–98)

DWI, diffusion-weighted imaging; FLAIR, fluid-attenuated inversion recovery; NAA/Cr, N-acetyl aspartate over creatine ratios and SAPS II, Simplified Acute
Physiology Score II.
For the Multivariate logistic-regression : the first model, considered: SAPS II and Glasgow Coma Scale at MRI; In the second model, qualitative MRI variable
(FLAIR-DWI “deep gray nuclei” scores) was added to those in the first model. Finally, in the third model, predictive quantitative MRI variable (worst NAA/Cr ratio in
Lenticular cores) was added to the second model.
ySensitivity significantly different than the one of the NAA/Cr Lenticular cores (P < 0.05).
zSensitivty significantly different than the one of NAA:Cr Lenticular cores (p < 0.05).
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“prophecies arising from premature decisions of withdrawal and
limitation of life-sustaining treatments. However, even if we exclude
all patients who died from care withdrawal, the cutoff for NAA/Cr
ratios measured in lenticular cores and AUC did not vary significantly
(Table 3 Data in Brief).

In conclusion, according our results we suggest that in adult
patients after cardiac arrest that 1H-CSI measured on lenticular cores
at the subacute phase of hypoxic-ischemic brain injury is feasible in
most patients and may predict long-term recovery. This evidence
requires statistical confirmation from future large-scale trials in
association with other ancillary tests (EEG, SSEP, pupillometry . . .
) with strict protocol of withdrawal or limitation-of-care decisions.
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