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ORIGINAL RESEARCH
ADULT BRAIN

Parieto-Occipital Injury on Diffusion MRI Correlates with
Poor Neurologic Outcome following Cardiac Arrest

E. Calabrese, S. Gandhi, J. Shih, M. Otero, D. Randazzo, C. Hemphill, R. Huie, J.F. Talbott, and E. Amorim

ABSTRACT

BACKGROUND AND PURPOSE: MR imaging of the brain provides unbiased neuroanatomic evaluation of brain injury and is useful
for neurologic prognostication following cardiac arrest. Regional analysis of diffusion imaging may provide additional prognostic
value and help reveal the neuroanatomic underpinnings of coma recovery. The purpose of this study was to evaluate global,
regional, and voxelwise differences in diffusion-weighted MR imaging signal in patients in a coma after cardiac arrest.

MATERIALS AND METHODS: We retrospectively analyzed diffusion MR imaging data from 81 subjects who were comatose
for .48 hours following cardiac arrest. Poor outcome was defined as the inability to follow simple commands at any point during
hospitalization. ADC differences between groups were evaluated across the whole brain, locally by using voxelwise analysis and
regionally by using ROI-based principal component analysis.

RESULTS: Subjects with poor outcome had more severe brain injury as measured by lower average whole-brain ADC (740 [SD,
102]� 10�6 mm2/s versus 833 [SD, 23]� 10�6 mm2/s, P, .001) and larger average volumes of tissue with ADC below 650 � 10�6

mms/s (464 [SD, 469] mL versus 62 [SD, 51] mL, P, .001). Voxelwise analysis showed lower ADC in the bilateral parieto-occipital
areas and perirolandic cortices for the poor outcome group. ROI-based principal component analysis showed an association
between lower ADC in parieto-occipital regions and poor outcome.

CONCLUSIONS: Brain injury affecting the parieto-occipital region measured with quantitative ADC analysis was associated with
poor outcomes after cardiac arrest. These results suggest that injury to specific brain regions may influence coma recovery.

ABBREVIATIONS: AUC ¼ area under the curve; CPC ¼ Cerebral Performance Category; PC ¼ principal component; PCA ¼ principal component analysis;
PCAC ¼ post–cardiac arrest coma; ROC ¼ receiver operating characteristic; ROSC ¼ return of spontaneous circulation; TTM ¼ targeted temperature manage-
ment; WLST ¼ withdrawal of life-sustaining therapies

Cardiac arrest affects 600,000 patients annually in the United
States despite substantial advances in resuscitation medicine.1

For patients surviving initial resuscitation, mortality ranges from
75% to 88% for in-hospital and out-of-hospital cardiac arrests,
respectively. Most deaths follow withdrawal of life-sustaining
therapies (WLST) due to perceived poor neurologic prognosis after
multimodal evaluation with serial examinations and ancillary test-
ing. Determination of prognosis is, therefore, a key component of
post–cardiac arrest care, and accurate evaluation of brain injury se-
verity is critical to prevent premature WLST in post–cardiac arrest
coma (PCAC) who have the potential to recover.

The inclusion of MR imaging, particularly DWI, in the multi-
modal neuroprognostication paradigm has gained traction in
routine clinical care, particularly in the targeted temperature
management (TTM) era.2 The use of sedatives and neuromuscu-
lar blockade as well as metabolic changes with TTM may decrease
the validity of previously established prognostication tools such as
clinical examination, electroencephalography, and somatosensory-
evoked potentials, while abnormalities on MR imaging are unlikely
to be affected. Research-leveraging qualitative and quantitative MR
imaging analysis has demonstrated utility for outcome predictions
in post–cardiac arrest coma.3-16 However, MR imaging literature
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for outcome prediction after cardiac arrest has been limited by vari-
ability in MR imaging scanning methodology, qualitative rather

than quantitative assessment, and a focus on global rather than re-

gional patterns of brain injury. While several prior studies have

demonstrated that the presence of any acute brain injury is associ-

ated with poor outcome, relatively fewer studies have addressed re-

gional brain injury patterns and their association with good-versus-

poor clinical outcome.6,7,9,10,12-16

The main purpose of this study was to quantitatively describe

the regional neuroanatomic distribution of brain injury post-

cardiac arrest using DWI. We found that both global brain injury

and specifically injury to the parieto-occipital region were associ-

ated with severe neurologic impairment. These results provide

important insights into the clinical and prognostic significance of

regional brain injury patterns on diffusion-weighted MR imaging

for post–cardiac arrest coma and address existing knowledge gaps

in the importance of assessment of global-versus-regional brain

injury.

MATERIALS AND METHODS
Patient Selection
This study was approved by the University of California San

Francisco and Zuckerberg San Francisco General Hospital institu-

tional review boards with a waiver of informed consent. Using elec-

tronic health record search tools, we identified all subjects treated at

a single university-affiliated hospital between 2016 and 2021 for

post–cardiac arrest coma (n ¼ 335). For this study, post–cardiac

arrest coma were defined as patients having a Glasgow Coma Scale

score of #8 after return of spontaneous circulation (ROSC). We

then identified patients who underwent inpatient brain MR imaging

(n¼ 105) as part of a routine multimodal prognostic evaluation for

patients who do not recover consciousness after the rewarming

phase of TTM or by 48 hours following arrest. Exclusion criteria

included patients with missing MR imaging sequences (n ¼ 1),

patients who did not complete TTM (n ¼ 2), the presence of a sig-

nificant unrelated abnormality on brain MR imaging such as hem-

orrhage or large-territory encephalomalacia (n¼ 8), or MR imaging

acquired.7days (168hours) post–cardiac arrest. Poor outcome

was defined as the inability to follow 1-step commands before hos-

pital discharge on the basis of retrospective review of the electronic

health record.
Clinical notes by the primary team, neurology, occupational

therapy, and/or physical therapy were reviewed to determine the

best clinical examination before discharge. The ability to follow

commands was part of the standard evaluation from clinical

providers, which includes evaluation of at least 1-step axial and

appendicular commands (eg, show fingers, wiggle toes, or stick

out tongue). Cerebral Performance Category (CPC) scores were

recorded for all patients included in the analysis but were assessed

only at the time of discharge and, therefore, did not capture

patients who recovered consciousness and the ability to follow

commands during hospitalization but subsequently died after

WLST (n ¼ 3 in this cohort). With the exception of these 3

patients, the good and poor outcome groups corresponded

exactly to CPC 1–3 and CPC 4–5, respectively. Patients able to

follow commands were categorized as having good outcome and

patients unable to follow commands as having poor outcome.

Image Acquisition
MR images were acquired on a single 3T MR scanner (Magnetom
Skyra; Siemens). Imaging protocol included either a 6- or 12-direc-
tion DWI with b ¼ 1000 s/mm2. ADC maps were generated auto-
matically on the scanner. Additional DWI parameters included an
FOV of 22 � 22 cm, an image matrix of 192 � 192, and section
thickness of 4mm (voxel resolution ¼ 1.14 � 1.14 � 4mm), sec-
tion gap of 1mm, section number range of 28–34, TR range of
4710–5520ms, TE range of 64–74ms, and number of excitations
of 1. Representative examples of DWI and ADC images are pro-
vided in the Online Supplemental Data.

Image Preprocessing
DWI volumes were processed using custom software pro-
grammed in Python 3.8 using the Nipype 1.6 package (https://
github.com/nipy/nipype/releases/tag/1.6.0) to interface with non-
Python software. DWI volumes were converted to NIfTI format
using dcm2niix 1.0 (https://github.com/rordenlab/dcm2niix/
releases) and then aligned to the Montreal Neurological Institute
152 brain atlas using multistep rigid, affine, and diffeomorphic
automated image registration implemented using Advanced
Normalization Tools (ANTs 2.3.5; http://stnava.github.io/ANTs/).
Qualitative registration accuracy was manually evaluated for qual-
ity control. Resulting transforms were used to map patient ADC
maps into the atlas space. Representative examples of DWI and
ADC images before and after registration are included in the
Online Supplemental Data.

ROI Extraction
A total of 124 bilateral cortical (n ¼ 96) and subcortical (n ¼ 28)
ROIs were extracted from each patient’s DWI volume using the
Harvard-Oxford cortical and subcortical brain atlases, respectively.
All structures were assessed in both the left and right hemispheres
individually, and subcortical structures were also evaluated as a
single bilateral ROI.

Quantitative ADC Analysis
Brain-wide ADC differences between outcome groups were
assessed using 2 metrics established in previously published work:
average whole-brain ADC and total volume of tissue with ADC
less than 650� 10�6 mms/s (ADC650).

8 Voxels with ADC values
greater than 1100 � 10�6 mm2/s were considered to represent
CSF and were excluded. Regional mean ADC and ADC650 differ-
ences between groups were also assessed for each individual region
in the Harvard-Oxford cortical and subcortical brain atlases.

Whole-Brain Injury Frequency Mapping
Whole-brain injury frequency maps were generated to allow visu-
alization of common sites of injury for each outcome group. Brain
injury was defined as all brain voxels with ADC less than 650 �
10�6 mms/s. Binarized injury maps were generated for each
patient and averaged within each outcome group. The output of
this analysis was a single injury-frequency map for each outcome
group, in which voxel values represent the proportion of patients
in the outcome group with injury in that location.
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Voxelwise Quantitative ADC Analysis
Voxelwise ADC differences between outcome groups were
assessed using threshold-free cluster enhancement implemented in
FSL 6.0.2 (http://www.fmrib.ox.ac.uk/fsl). Statistical significance
was determined as a family-wise error–corrected P value, .05.
Several potentially confounding variables were included as con-
found regressors in the analysis: whole-brain average ADC, patient
age, patient sex, and time to MR imaging (in hours).

ROI-Based Principal Component Analysis
Principal component analysis (PCA) was used to explore rela-
tionships between ROI-based injury and clinical outcome. The
measure used for PCA was the percentage of brain parenchyma
with ADC less than 650 � 10�6 mms/s for each ROI. A scree
plot was generated to determine the percentage of variance
accounted for by each principal component (PC). Variable load-
ings within each PC were thresholded at an absolute value of
0.5, and expert visual analysis of loading patterns for these
strong loading variables was used to identify the underlying

construct of each PC. PC scores for
each patient were then used for hy-
pothesis testing. A backward regres-
sion that included PC scores and other
clinical variables was used to deter-
mine significant predictors of poor
outcome. The resulting significant pre-
dictors were included in a receiver
operating characteristic (ROC) curve
analysis to determine the sensitivity
and specificity of these variables to pre-
dict poor outcome. PCA and ROC ana-
lyses were run using the syndRomics
(https://github.com/ucsf-ferguson-lab/
syndRomics) and pROC software pack-
ages in the R statistical framework (R
Version 4.1.2; http://www.r-project.
org/).17

Statistical Analysis
Continuous variables and categoric variables are reported as means
(SD) and frequencies with percentages. The x2 test was used to
compare categoric data. The 2-sample Student t test was used to com-
pare continuous variables. The DeLong method was used to compare
ROC curves. For all statistical tests, a P value , .05 was considered
statistically significant. For the ROI analysis, a Bonferroni correction
was used to control for multiple comparisons.

RESULTS
Subjects
We identified a total of 335 subjects: Two hundred fifty-four
were excluded, and 81 were included in the analysis (Online
Supplemental Data). Sixty-four of 81 (79%) subjects had poor
outcomes. Demographic information for each outcome group is
presented in the Table. There were no statistically significant dif-
ferences in age, sex, race, and ethnicity; time to MR imaging; the
presence of a shockable rhythm at presentation; location of car-
diac arrest (in-hospital versus out-of-hospital); or time to ROSC.
When we compared patients who were included versus excluded
from the analysis, there was no statistically significant difference
in the proportion of patients who had WLST or brain death (x2

P value¼ .12 and .89, respectively) (Online Supplemental Data).

Quantitative ADC Comparison between Outcome Groups
The poor outcome group had lower whole-brain mean ADC val-
ues (740 [SD, 102]� 10�6 mm2/s versus 833 [SD, 23]� 10�6

mm2/s, P, .001) and larger total ADC650 volumes (464 [SD,
469]mL versus 62 [SD, 51]mL, P, .001). Statistically significant
differences in mean ADC and ADC650 by ROI (after Bonferroni
correction) are presented in the Online Supplemental Data.

Whole-Brain Injury Mapping
Whole-brain ADC650 frequency maps were generated for each
outcome group and are presented in Fig 1. The poor outcome
group had a more severe and extensive pattern of brain injury
most frequently involving the precentral gyri, precuneus, and
cuneus (Fig 1A). The good outcome group (Fig 1B) showed a

FIG 1. Frequency of hypoxic-ischemic brain injury in both outcome
groups. Colorized 3D brain renderings show the frequency of injury
(as defined by ADC, 650 � 10–6 mm2/s) for the poor-outcome
group (A) and the good outcome group (B), respectively. The color
bar (right) indicates the frequency of injury across the whole brain.
Note that regions with,5% injury frequency are transparent to allow
better visualization of more frequently injured areas.

Subject demographics stratified by outcome group

Variable
Follows Commands

(n = 17)
Does Not Follow

Commands (n = 64) P Value
Age (mean) (yr) 55 (SD, 16) 57 (SD, 15) .741
Female sex 4/17 (24%) 18/64 (28%) .701
Race and ethnicitya .757
Asian 4 (21%) 6 (9%)
Black 3 (16%) 14 (22%)
Hispanic 2 (11%) 6 (9%)
Hawaiian 0 (0%) 2 (3%)
Non-Hispanic white 2 (11%) 6 (9%)
Unknown 8 (42%) 30 (47%)

Time from ROSC to MR
imaging (mean) (hr)

120 (SD, 26) 115 (SD, 27) .496

Shockable rhythm 6/17 (35%) 12/64 (19%) .145
Out-of-hospital cardiac arrest 14/17 (82%) 49/64 (77%) .610
Time to ROSC (mean) 19 (SD, 14) 24 (SD, 14) .182

a Patient race and ethnicity do not add to 100% as some patients reported more than one race and ethnicity
combination.
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relatively heterogeneous pattern of injury, with the most frequent
areas of injury being the cerebellum, globi pallidi, and precentral
gyri.

Voxelwise Analysis of Quantitative ADC Differences
between Outcome Groups
Voxelwise analysis with threshold-free cluster enhancement
was used to explore regional differences in ADC values between
outcome groups without a priori anatomic constraints. Results
of the voxelwise analysis are seen in Fig 2. Statistically signifi-
cant clusters (after controlling for whole-brain average ADC,
patient age, patient sex, and time from ROSC to MR imaging
as confounding variables) were localized to the cuneus and
precuneus.

PCA of ROI-Based ADC Differences between Outcome
Groups
PCA analysis of the percentage of brain parenchyma with ADC
less than 650 � 10�6 mms/s for each ROI identified 2 PCs that
accounted for .95% of the variance. PC loadings for PC1 and
PC2 are included as Online Supplemental Data. All ROI-based
variables loaded on PC1 in the same direction, indicating that
they all contributed to the variance explained by this PC (79%).
In contrast, ROI-based variables had variable loading contribu-
tions to the variance explained by PC2 (16%), with some variables
(perirolandic and parieto-occipital ROIs) showing a positive cor-
relation and others (anterior-frontotemporal and deep gray matter
ROIs) showing a negative correlation (Fig 3).

ROC Analysis of Outcome Groups with PCA Results
ROC analysis for determining neurologic outcome on the basis of
clinical and MR imaging features is presented in Fig 4. Using only
the percentage of the whole brain with ADC less than 650� 10�6

mms/s yielded a relatively high discriminative performance, with
an ROC area under the curve (AUC) of 0.84. Whole-brain injury
of 10% was 95% specific and 59% sensitive for poor outcome pre-
diction, and whole-brain injury of 5% was 74% specific and 77%
sensitive. ROC performance was similar using PC2 scores with an
ROC AUC of 0.83. By comparison, the single best ROI-based pre-
dictor (average percentage of the cuneal cortex with ADC less
than 650� 10�6 mms/s) yielded a similar performance with an
ROC AUC of 0.89. An average cuneal injury of 5% was 94% spe-
cific and 75% sensitive. Combining PC scores with the location of
arrest (in-hospital versus out-of-hospital) yielded the best per-
formance with an ROC AUC of 0.91. Pair-wise comparison of
ROC curves using the DeLong method revealed a statistically sig-
nificant difference between the PC2 and PC11PC21 arrest loca-
tion curves (P ¼ .029), with all other comparisons failing to reach
statistical significance (Online Supplemental Data). ROC analysis
using CPC scores rather than the ability to follow commands as
the outcome metric is included as Online Supplemental Data.

DISCUSSION
Regional analysis of quantitative ADC showed that involvement
of the cuneus, precuneus, and precentral gyrus was associated
with poor outcomes post–cardiac arrest. Most important, whole-

brain ADC frequency mapping revealed
that injury to the precentral gyrus was
more prominent in patients with poor
outcome, but could also be present in
patients with good outcome. However,
injury to the parieto-occipital region
was more specifically associated with
poor outcomes as highlighted by both
the PCA and voxelwise analyses, includ-
ing when controlling for whole-brain
ADC, which is expected to remove
some of the variance explained by the
severity of global brain injury. The per-
centage of ADC650 in the cuneus alone
showed high performance for determin-
ing neurologic outcome, with a value of

FIG 2. Results of voxelwise comparisons between outcome groups.
Statistically significant voxels (family-wise error rate–corrected,
P, .05) are shown as color overlays on orthogonal slices of the
Montreal Neurologic Institute brain atlas (A–C). Color indicates the
P value for the comparison (see the color bar). A volume-rendering
of the P value from a lateral perspective is also shown, with dashed
yellow lines indicating the plane of axial and coronal slices (D).

FIG 3. Loading values for PC2 from the PCA. Each cortical region from the Harvard Oxford brain
atlas is colored according to its PC2 loading value. Red and blue loadings indicate opposite pat-
terns of loading (red indicates positive correlation, blue indicates a negative correlation). The
dashed yellow line on the lateral projection (right) indicates the plane of the axial section
(center).
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5%, yielding 75% sensitivity and 94% specificity for poor outcome.
These findings corroborate previous studies demonstrating that
injury to this region is associated with poor outcomes in post–
cardiac arrest coma; however, there has been limited prior work
directly investigating regional injury correlates for poor clinical
outcome in cardiac arrest and none using the PCA and voxelwise
analyses presented here.9,10,15,18 Additional investigation is needed
to determine whether injury to the parieto-occipital region is
exclusively a marker of severe injury or a causal determinant of
persistent coma post–cardiac arrest.

The posterior-medial cortex is part of the default mode net-
work and is involved in regulation of consciousness and connec-
tivity throughout the brain.19,20 Resting-state fMRI studies
involving patients with both severe brain injury of distinct etiolo-
gies and various levels of consciousness showed that the degree of
connectivity of the default mode network, in particular of the pre-
cuneus or posterior cingulate cortex, was directly proportional to
the level of consciousness, with patients in a coma having lower
connectivity.19,21-24 Our report adds to the post–cardiac arrest
coma literature demonstrating that lower ADC values in the pari-
eto-occipital region is associated with poor outcomes.9,11,12,15,20,25

Injury to several other specific brain regions has also been associ-
ated with poor outcome; however, most studies pursued a descrip-
tive approach that did not incorporate multivariable analytic
models, which may help determine which regions are specifically
useful for discriminating between good and poor outcomes inde-
pendent of diffuse brain injury.

The regional vulnerability of the precuneus, cuneus lobes, and
precentral gyrus following cardiac arrest is not well-understood.
The precuneus, cuneus, visual cortex, and precentral gyrus are
considered some of the most metabolically active regions in
humans; therefore, this finding could be a consequence of meta-
bolic demand mismatch in the context of hypoxic-ischemic brain
injury and reperfusion injury following cardiac arrest.26 An alter-
native vascular hypothesis is that the posterior circulation cannot
provide sufficient cerebral blood flow during cardiopulmonary
resuscitation and its limited autoregulatory response following
return of spontaneous circulation and reperfusion may contrib-
ute to the increased vulnerability of these regions, similar to what
is observed in posterior reversible encephalopathy syndrome.27

The use of quantitative MR imaging can augment multimodal
prognostication, and our study demonstrates the value of combining

FIG 4. ROC analysis of different diffusion-weighted MR imaging–based variables for predicting outcome in patients with post–cardiac arrest
coma. OHCA indicates out of hospital cardiac arrest.
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clinical and neuroimaging information for outcome prediction.
Several different clinical, laboratory, and electrophysiologic parame-
ters are known to be associated with clinical outcomes in patients
with cardiac arrest; however, most studies focused on imaging-
based predictors have favored a global rather than region-specific
analysis.28 We showed that outcome determination using individ-
ual regions, whole brain, or a combination of specific regions using
PCA had excellent performance, with AUCs ranging from 0.84 to
0.91. Our results are consistent with those in previous literature
showing that the mean ADC as well as regional ADC650 are helpful
for prognostication in post–cardiac arrest coma.13-15 The specific
cutoff for ADC650 has not yet been defined, with a cutoff value of
.10%–26% brain involvement being needed to achieve specificity
for poor outcome prediction (ie, above 95%).4,5,8,14 In our study,
10% brain involvement with ADC650 was 95% specific and 55%
sensitive for predicting poor outcome, and 5% brain involvement
was 74% specific and 77% sensitive. In addition, previous studies
have shown that lower thresholds for ADC for such as 400 or 450
� 10�6 mm2/s yield higher ORs for predicting poor neurologic
outcomes.6,8,16 Additional studies exploring the ADC parameter
space using larger and more racially and ethnically diverse cohorts
may help define global and regional thresholds with the best per-
formance for outcome prediction.

Some of the variability in previously published data on the
predictive value of DWI in patients with cardiac arrest could be
secondary to differences in patient selection, variable timing of
MR imaging, variable methodology, and differences in outcome
selection. Given these limitations, in addition to limited access to
quantitative DWI analysis techniques, we believe the results from
regional analysis may be add important insight for clinical prac-
tice. Temporal variations in DWI appearance in patients after
cardiac arrest have been established by multiple observational
and quantitative studies, with the ability to predict outcome being
best on MR imaging performed on days 3–5.6,13,15 These observa-
tions likely reflect both the well-described phenomenon of infarct
pseudonormalization on DWI and the complex pathophysiology
of anoxic injury, with a significant component of secondary
injury caused by oxidative stress and neuronal excitotoxicity.29

For these reasons, we excluded from our analysis patients with
MR imaging performed .7 days following arrest; however, it
remains unclear whether more stringent time-to–MR imaging
limitations should be imposed for this type of study. Our study
benefited from imaging acquisition in a single scanner with com-
parable protocols, which may have minimized some of the scan-
ning-variability limitations.

There are several limitations of our study. This was a retro-
spective and single-center study that relied on documentation of a
clinical examination documentation for outcome determination.
While our outcome metric closely followed discharge CPC scores,
it is, nonetheless, limited due to lack of standardization. In addi-
tion, at our institution the use of brain MR imaging is part of a
multimodal prognostication protocol, together with other ancil-
lary tests for patients who do not recover consciousness after
TTM, possibly leading to a selection bias toward evaluating
patients with more severe brain injury. While quantitative analysis
of ADC data was not available for decision-making, clinicians
were not blinded to qualitative MR imaging interpretation;

therefore, brain injury burden likely contributed to self-fulfilling
prophecies related to WLST due to perceived poor neurologic
prognosis.9,12,13 However, we did not detect any significant differ-
ence in the rates of WLST or brain death between patients who
were included versus excluded in the analysis. Finally, the rela-
tively small sample size and small proportion of patients with
good outcome limit our ability to generalize findings or draw con-
clusions about whenWLST should be considered. Larger and pro-
spective studies focused on assessment of regional brain injury
will be needed to confirm the association of parieto-occipital
injury with poor clinical outcome.

CONCLUSIONS
Injury to the parieto-occipital region is associated with poor out-
comes following cardiac arrest. Involvement of the precentral
gyrus can be seen in both good and poor outcome groups; how-
ever, patients recovering from coma had a much lower burden of
brain injury. Regional and voxelwise analysis of quantitative ADC
may add value to multimodal neurologic prognostication in com-
bination with other established predictors28 and provide informa-
tion about the neuroanatomic regions determining the potential
for coma recovery.

Disclosure forms provided by the authors are available with the full text and
PDF of this article at www.ajnr.org.
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