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Increased task-relevant fMRI
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arrest patients is associated with
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Abstract

Early prediction of the recovery of consciousness in comatose cardiac arrest patients remains challenging. We prospec-
tively studied task-relevant fMRI responses in 19 comatose cardiac arrest patients and five healthy controls to assess the
fMRI’s utility for neuroprognostication. Tasks involved instrumental music listening, forward and backward language
listening, and motor imagery. Task-specific reference images were created from group-level fMRI responses from the
healthy controls. Dice scores measured the overlap of individual subject-level fMRI responses with the reference images.
Task-relevant responsiveness index (Rindex) was calculated as the maximum Dice score across the four tasks.
Correlation analyses showed that increased Dice scores were significantly associated with arousal recovery
(P < 0.05) and emergence from the minimally conscious state (EMCS) by one year (P < 0.00/) for all tasks except
motor imagery. Greater Rindex was significantly correlated with improved arousal recovery (P =0.002) and conscious-
ness (P=0.001). For patients who survived to discharge (n = 6), the Rindex’s sensitivity was 75% for predicting EMCS
(n=4). Task-based fMRI holds promise for detecting covert consciousness in comatose cardiac arrest patients, but
further studies are needed to confirm these findings. Caution is necessary when interpreting the absence of task-
relevant fMRI responses as a surrogate for inevitable poor neurological prognosis.
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Introduction

Cardiac arrest is a public health crisis associated with
high mortality and severe neurologic morbidity among
survivors,' many of whom fail to regain consciousness
due to anoxic brain injury.>* Neurocognitive dysfunc-
tion following cardiac arrest can be progressive and
challenging for prognostication, especially in patients
who do not show early neurological responses.*>
Inaccurate prognostication may lead to inappropriate
premature withdrawal of life-sustaining treatments
(WLST) in patients who might otherwise have favor-
able neurologic outcomes.®’ In recent years, magnetic
resonance imaging (MRI), particularly task-based
functional MRI (fMRI),® has been recognized as a
potential imaging biomarker to be used in combination
with other clinical measures for prognostication and
outcome prediction of comatose cardiac arrest patients
in acute settings.” '> However, the accuracy of utilizing
task-based fMRI in predicting recovery of conscious-
ness on an individual patient basis has not been ade-
quately investigated.

We conducted a prospective pilot study to explore
the feasibility and utility of task-based fMRI among
comatose cardiac arrest patients in acute care settings.
In addition, we developed an objective metric to quan-
tify the degree of task-relevant responsiveness on an
individual patient basis that can ultimately be used to
detect covert consciousness. We compared responses
between patients who achieved signs of arousal recov-
ery (eye-opening to noxious or verbal stimulation),
patients without arousal recovery, and healthy con-
trols. We also investigated associations of these early
metrics with long-term functional outcomes, with good
long-term functional outcomes defined as achieving
emergence from the minimally conscious state'’
(EMCS, i.e., ability to reliably communicate yes or
no responses or use familiar objects in a functional
manner) as measured on the Coma Recovery Scale-
Revised (CRS-R), a widely used disorders of conscious-
ness research measure.'*

Materials and methods

Participants

Data collection and analysis were performed under
approval by the Partners Human Research Committee
(protocol # 2013P001795) which operates in compliance
with all applicable federal, state, and local laws and
regulations and with the Federalwide Assurances and
is guided by the “Belmont Report.”'> All participants
or their legally authorized representative provided

written informed consent. Twenty-two adult cardiac
arrest patients who remained comatose after the resto-
ration of spontaneous circulation (ROSC) were prospec-
tively enrolled between December 2013 and April 2018 if
meeting the following inclusion criteria: (i) age >18
years, (ii)) post-ROSC Glasgow Coma Scale (GCS)
score <8, (iii) no MRI contraindications, (iv) no pre-
arrest neurocognitive disorders including dementia,
and (v) availability of a legally authorized representative
to provide written informed consent. Since this was a
pilot study, formal sample size calculation was not per-
formed and patients were not randomized. A detailed
description of protocol amendments is provided in the
Supplementary Methods. Our study included non-
English speakers to allow for a diverse patient popula-
tion. A patient’s ability to speak English was determined
based on information from the family and the patient’s
medical record. A cohort of five healthy control (HC)
English-speaking adults (age >18 years) with no history
of either cognitive disorders or MRI contraindications
was also enrolled. Informed written consent was
obtained prior to the performance of all research proce-
dures. As part of the study protocol, with the agreement
of the legally authorized representative at enrollment,
the patient-level fMRI results were allowed to be
shared with the clinical team. When sharing results,
potential confounds, such as patient motion or sedation,
were discussed with the clinical team.

Neurological testing and outcome assessments

Demographics, clinical characteristics (e.g., initial cardi-
ac rhythm, hospital admission GCS), and targeted tem-
perature management treatment details were extracted
from the patients’ medical records. The initial arrest was
classified as either shockable (ventricular tachycardia or
ventricular fibrillation) or non-shockable (pulseless elec-
trical activity or asystole).

Favorable short-term neurological outcome was
defined by arousal recovery (AR), i.e., eye-opening to
stimulation, by hospital discharge. Modified Rankin
Scale (mRS) and Cerebral Performance Category (CPC)
scores were obtained at discharge, and 3-months,
6-months, and l-year post-cardiac arrest. Missing
values for CPC and mRS scores were carried forward
from previous visits. Early WLST was defined as dying
from WLST within seven days after cardiac arrest. For
survivors, we assessed whether patients achieved at least
EMCS as measured by the CRS-R'* (score of 2 on the
Communication Scale or score of 6 on the Motor
Function Scale) at in-person follow-up visits. Good
long-term functional outcome was defined as achieving
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EMCS within one year after cardiac arrest as measured
on the CRS-R scale.

Functional MRI data acquisition and task paradigms

MRI was acquired with a 32-channel head coil or 20-
channel head-neck coil on a 3-Tesla scanner (Skyra,
Siemens Medical Solution). Task-based fMRI was col-
lected using 40 gradient-echo echo-planar imaging meas-
urements with the following parameters: echo time
(TE)=25ms, repetition time (TR)=3000ms, flip-
angle=90°, field-of-view (FOV)=192mm, matrix=
94 x 94, 2x acceleration and 49 (32-channel head coil)
or 46 (20-channel head-neck coil) interleaved slices with
a thickness of 2mm and slice distribution factor of 25%
and total acquisition time of 2:09. 3D Tl-weighted
images (T1WI) were acquired for anatomical references
and registration purposes using a multi-echo magnetiza-
tion-prepared rapid gradient-echo (MEMPRAGE)
sequence'® with TR=2230ms; TE=1.69, 3.55,
541, and 7.27ms, flip-angle=7°, FOV=256mm,
matrix =256 x 256, 2-3x  acceleration, TI=1100-
1300 ms and 176 sagittal slices of 1 mm thickness. Five
patients were scanned using an MEMPRAGE sequence
with built-in motion correction.!” This sequence was not
available for all patients due to scanner upgrades.

Task-based fMRI involved three tasks consisting of
alternating 24 s blocks of audio and rest, with two runs
for each task. Tasks included listening to instrumental
music, listening to spoken language (forward and back-
ward), and following commands through motor imag-
ery (imagine squeezing the right hand). All task stimuli
were contrasted against silence, except motor imagery
which was contrasted against task-off. Details of the
task-based fMRI paradigm have been previously
described.® Pre-recorded verbal instructions were
played before each task’s presentation and start of
the fMRI sequence.® The scanner’s sound system deliv-
ered all auditory signals via MRI-compatible ecar-
phones (Newmatic Medical, Caledonia, MI). The
same audio files were played to healthy controls and
all patients.

Data analysis

Task-based fMRI analysis. Task-based fMRI analyses
were performed with the FMRI Expert Analysis Tool
(FEAT) Version 6.00, part of FMRIB’s Software
Library (FSL, www.fmrib.ox.ac.uk/fsl) using techni-
ques previously described.® The 3D TIWI brain was
extracted using the Robust Brain Extraction (https://
www.nitrc.org/projects/robex/)'®  tool, the time-
averaged fMRI brain was extracted using the Brain
Extraction Tool" from FSL, and the resultant

skull-stripped images were used for registration. The
time-averaged fMRI data were registered to the 3D
TIWI using the boundary-based registration algo-
rithm.?® The 3D TIWI was registered to standard
space using FLIRT.?'?> The following standard
FEAT preprocessing pipeline was applied: motion cor-
rection,?' slice-timing correction, spatial smoothing
(Gaussian kernel full-width half-maximum = 10 mm),
grand-mean intensity normalization, and high pass
temporal filtering (Gaussian-weighted least-squares
straight line fitting, with sigma=24.0s). Confound
matrices were calculated (fsl_motion_outliers tool
from FSL, https://fsl.fmrib.ox.ac.uk/fsl/fslwiki/
FSLMotionOutliers) to account for the effects of exces-
sive motion not compensated for by motion correction.
Time-series statistical analysis of individual runs was
performed using FMRIB’s Improved Linear Model
with local autocorrelation correction.”® The model
included fMRI task variables, corresponding contrasts,
temporal derivatives, six standard motion parameters,
and confound matrices.

The results of the two individual runs for each task
were combined using a fixed effects model with
FMRIB’s Local Analysis of Mixed Effects
(FLAME).?*¢ Group-level comparisons were similar-
ly executed using a fixed effects model with FLAME in
FSL.>*2° The sample size of the study was insufficient
to use mixed-effects models. All Z-statistic images were
thresholded using clusters determined by Z > 3.1 and
corrected cluster significance threshold of P =0.05%" to
create activation maps. The statistical threshold for
cluster significance (Z>3.1) and the size of the
Gaussian kernel used for smoothing were selected to
decrease false positive cluster activations.”® We also
explored Activation Mapping as a Percentage of
Local Excitation (AMPLE) methods.” Comparison
of AMPLE to non-AMPLE results was performed by
an investigator blinded to patient outcomes. However,
the findings were not statistically significantly different
compared to non-AMPLE normalized methods (see
Supplementary Methods and Supplementary Results).
Therefore, we limited analyses to the group-level Z-sta-
tistic activation maps for the remainder of the study.
Group-level analysis between HC and patients was
repeated, excluding the non-English-speaking patients,
to assess the influence of non-English-speaking patients
on the group-level language task-based fMRI results.

All significant brain responses are shown as
Z-statistic images thresholded at cluster-corrected
Z-statistic values of 3.1 with P <0.05 and overlaid on
MNI 152 T1-weighted 2 mm image at MNI coordinates
corresponding to the location of the HC cluster
maxima for each task: Music (56, —20, 12), Forward
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language (—54, —20, 6), Backward language (58, —14,
8), and motor imagery (—38, 48, 18). Color bars repre-
sent the Z-statistic value. Individual subject-level fMRI
analyses were performed by an investigator blinded to
arousal recovery status and long-term outcomes.

Quantifying task-relevant fMRI responses on an individual
patient basis. To quantify the degree of task-relevant
fMRI responses of individual subjects, we measured
the spatial overlap of significant voxels in subject-
wise brain activation maps compared to reference
images using the Dice score:

Di 2 x Voverlap
R 7 N 7

for which V1 is the number of voxels in the reference
image, V2 is the number of voxels in the individual
subject’s activation map, and Voverlap is the number
of overlapping voxels in both images. The Dice score
ranges from 0 to 1, with 0 indicating no overlap and 1
indicating complete overlap. The Dice score has been
used by other studies to measure the reproducibility of
fMRI responses.’”3* We calculated a responsiveness
index (Rindex) as the maximum Dice score over the
four tasks to measure overall task-relevant responsive-
ness. We chose this metric to maximize sensitivity for
detecting indications of covert consciousness while
being able to reflect the strength of responsiveness as
a continuous variable.

For the reference image, we evaluated two options:
(1) an anatomical reference image and (2) group-level
activation maps (Z-statistics) from healthy controls.
Anatomical reference images were generated by com-
bining an a priori defined set of regions of interest
(ROIs) based on previous fMRI studies of music, lan-
guage, and motor imagery (See details in
Supplementary Methods). ROIs were selected on a
task-wise basis (Supplementary Table 1) and combined
to generate a single binarized task-specific reference
image (Supplementary Fig. 1). Binarized group-level
brain activation maps (Z-statistics) of healthy partici-
pants were used to define functional reference images
(Supplementary Fig. 2). The reference image that per-
formed best in terms of the Dice score for healthy con-
trols (2-tailed paired t-tests) was then used for the
remainder of the analysis. Choice of reference image
was made by an investigator blinded to patient
outcomes.

Statistical analyses. Statistical analyses were performed
using JMP 16.1 (SAS Institute Inc., Cary, NC, USA).
P-values <0.05 were considered statistically significant.
Univariable analyses were performed for categorical

variables using the Fisher’s Exact Test, and for contin-
uous variables, the Wilcoxon Rank Sum two-sample
Test with normal approximation. For each task, Dice
scores for the task-relevant responses were compared
between HC and all patients. Differences in Dice scores
between the following patient subgroups were evaluat-
ed: sedated versus non-sedated, intubated versus non-
intubated, and early-WLST versus non-early-WLST
(i.e., survivors, patients with WLST >7days, and
patients whose cause of death was brain death).
Subset analyses were performed between HC, patients
with AR, and patients without AR (NoAR). Group
differences between Dice scores were evaluated by
one-way analysis of variance (ANOVA) followed by
post hoc Wilcoxon Rank Sum tests. Analyses were
repeated comparing the Dice scores between HC,
EMCS patients, and non-EMCS patients. The
Rindex’s utility for predicting EMCS across all patients
was evaluated in terms of sensitivity and specificity. We
repeated analyses limited to patients who survived to
discharge to control for potential bias from WLST.
Correlation analyses using Kendall’s 7, test were used
to measure the associations between increased Dice
scores or Rindex with improved neurological status
(ordered NoAR, AR, HC) and better long-term out-
comes (ordered non-EMCS, EMCS, HC).

Data availability

The data underlying this article cannot be shared pub-
licly without restrictions due to privacy concerns of
individuals that participated in the study. The data
will be shared on reasonable request to the correspond-
ing author, pending approval of the local Institutional
Review Board.

Results

Demographics and clinical characteristics

A control group of five healthy individuals (two men
(40%), mean age + standard deviation (SD)=37+18
years) was enrolled. Twenty-two patients were prospec-
tively enrolled following cardiac arrest (see Figure 1).
However, three did not undergo fMRI exams (two
patients had WLST prior to MRI, and one patient
could not tolerate lying supine for an extended
period). Demographic, clinical, and treatment charac-
teristics of the remaining 19 patients are shown in
Table 1. Eleven patients (58%) experienced AR, of
whom five (45%) died before discharge, and four
(36%) achieved EMCS. No between-group differences
were found for age, sex, and admission clinical charac-
teristics. However, NoAR patients were more likely to
have undergone MRI earlier, had lower GCS scores at
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Cardiac Arrest
Admissions

(n=427)

GCS>8 Post-ROSC
(n=112)

Comatose

Cardiac Arrests
(n=315)

v

Total Enrolled
(n=22)

No Research MRI (Total=3)
Died n=2
Unable to lie flat ~ n=1

Research MRI
Cohort (n=19)

Surviving Cohort

(n=6)

___{In-hospital mortality
A

~N
Excluded (Total=293)"
INELIGIBLE (n=264)
Early recovery to GCS>8° n=39
Not TTM treated® n=17
In-hospital cardiac arrest* n=12
No pupillary or corneal reflex
at 72 hours® n=7
Unwitnessed cardiac arrest n=1
Died or WLST prior to approach n=111
MRI contraindication n=36
Pre-arrest neurological
disorder/comorbidity n=35
Other or not documented n=6
ELIGIBLE BUT NOT ENROLLED (n=29)
LAR declined/unavailable n=12
Discharged prior to approach n=7
Clinical team deemed not appropriate =3
Other or not documented n=7
. J

nZI?D

Figure |. Flow diagram illustrating patient screening, enrollment, and retention. *Some patients were not eligible for more than one
reason. "GCS>8 before 72 hours or before 24 hours, prior to study protocol amendments. “Exclusion criteria prior to protocol
amendments (see Supplementary Methods). GCS = Glasgow Coma Scale. LAR = Legally authorized representative.

ROSC = Restoration of spontaneous circulation. TTM = Targeted temperature management. WLST = Withdrawal of life sustaining

treatment.

the time of the MRI, and were more often intubated.
In-hospital mortality was 68%, with 92% being due to
WLST. 6/12 (50%) of the WLST cases died within
seven days of cardiac arrest. None of the NoAR
patients survived to discharge.

Seven patients had been enrolled prior to the proto-
col amendment expanding follow-up visits to 6-months
and one-year (see Supplementary Methods). Two of
these seven patients survived to discharge; their
6-month and 1-year CPC and mRS scores were carried
forward from the 3-month visits. The remaining
12 patients were enrolled with prospective 6-months
and 1l-year telephone follow-up visits. Four of the
12 patients survived and completed all visits. Among
the six survivors, four patients achieved EMCS, and
two were in a minimally conscious state'® at l-year
post-cardiac arrest. 6-month and 1-year CPC and
mRS scores were carried forward for two of the six
survivors. For the EMCS patients, the carried forward
one-year CPC scores ranged from 1 to 3, with three

patients achieving CPC scores ranging from 1 to 2
and one with CPC =3. Similarly, the one-ycar mRS
scores ranged from 0 to 4, with two patients achieving
mRS 0 to 1 and the other two having mRS =4. Two of
the four EMCS patients had only 3-month follow-up
visits and thus might have demonstrated improvement
if followed longer.

Task-based fMRI responses

Group-level imaging comparisons between healthy controls and
patients. Group-level task-based fMRI results for HC,
patients, and their comparisons are shown in Figure 2.
Coordinates for the local maxima and cluster size of
significant clusters are reported in Supplementary
Table 2. Both music and language (forward and back-
ward) tasks induced responses in the auditory cortices
of HC and patients. Responses were significantly larger
in the HC group compared to the patient cohort, espe-
cially in the planum temporale (PT), superior temporal
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Table I.

Demographics and clinical characteristics of patients with or without arousal recovery (AR) prior to discharge. Median

(IQR) time to eye-opening was 5 (3—7) days, with the minimum being three days and the maximum 22 days.

Patients AR No AR
(n=19) (n=11) (n=28) P-value
Age, years (mean & SD) 48 +£23 45+26 53£17 041
Sex, male (%) 8 (42%) 2 (18%) 6 (75%) 0.024
Hospital transfer, yes (%) 10 (53%) 6 (55%) 4 (50%) 1.00
Witnessed, yes (%) 10 (53%) 5 (46%) 5 (63%) 0.65
Non-shockable rhythm, yes (%) (n=18) 10/18 (56%) 4/10 (40%) 6 (75%) 0.19
Primary cardiac etiology, yes (%) 9119 (47%) 4 (36%) 5 (63%) 0.37
TTM, yes (%) 18/19 (95%) 10 (91%) 8 (100%) 1.0
33°C 17/18 (94%)
36°C 1/18 (6%)
Admission GCS, median (IQR) 3 (34 3 (34 3 (3-4.5) 0.73
Admission Pupillary Light Reflex, present (%) 8 (42%) 6 (55%) 2 (25%) 0.35
Admission Corneal Reflex, present (%) 6 (32%) 3 (27%) 3 (38%) 1.00
Admission Cough Reflex, present (%) (n=18) 8/18 (44%) 4/10 (40%) 4 (50%) 1.00
Admission Gag Reflex, present (%) (n=17) 7117 (41%) 4/10 (40%) 3/7 (43%) 1.00
Imaging
Time-to-MRl, days, median (IQR) 5 (4-8) 7 (5-11) 4 (3-5) 0.007
GCS on day of MRI, median (IQR) 4 (3-6) 5 (4-8) 3 (3-3.75) 0.005
CRS-R on day of MRI, median (IQR) (n=18) I [0-3] 3[14] 0 [0-0] <0.001
Sedation at MRI, yes (%) 10 (53%) 3 (27%) 7 (88%) 0.020
Intubated at MRI, yes (%) 14 (74%) 6 (55%) 8 (100%) 0.045
Outcomes
In-hospital death, yes (%) 13 (68%) 5 (45%) 8 (100%) 0.018
Brain death, yes (%) 1713 (8%) 0 (0%) 1/8 (13%)
Cardiac death, yes (%) 0/13 (0%) 0 (0%) 0 (0%)
WLST, yes (%) 12/13 (92%) 5/5 (100%) 7/8 (88%)
Time-to-death, days median (IQR) (n=13) 7 (6—12.5) 9 (7.5-18) (n=5) 6 (5.3-10.8) (n=28) 0.055
EMCS, yes (%) 4 (21%) 4 (36%) 0 (0%) 0.10
Discharge CPC, median (IQR) 5 (4-5) 4 (3-5) 5 (5-5) 0.018
Discharge mRS, median (IQR) 6 (5-6) 5 (5-6) 6 (6-6) 0.018
90-day CPC, median (IQR) 5 (3-5) 4 (3-5) 5 (5-5) 0.018
90-day mRS, median (IQR) 6 (5-6) 5 (4-6) 6 (6-6) 0.019
6-month CPC, median (IQR) 5 (3-5) 3 (2-5) 5 (5-5) 0.018
6-month mRS, median (IQR) 6 (5-6) 5 (4-6) 6 (6-6) 0.019
I2-month CPC, median (IQR) 5 (3-5) 3 (2-5) 5 (5-5) 0.018
I2-month mRS, median (IQR) 6 (5-6) 5 (4-6) 6 (6-6) 0.019

AR: Arousal Recovery; TTM: Targeted Temperature Management; GCS: Glasgow Coma Scale; CPC: Cerebral Performance Category; CRS-R: Coma
Recovery Scale Revised; EMCS: Emergence from the Minimally Conscious State measured on CRS-R; WLST: Withdrawal of Life Sustaining Treatment;

mRS: Modified Rankin Scale. P < 0.05 are in bold.

gyrus (STG), and Heschl’s gyrus (HG). These regions
have been shown to be responsible for auditory feature
extraction, comprehension, and semantic and syntactic
processing.>>** In addition, both language tasks
included the involvement of the bilateral inferior fron-
tal gyri (IFG) and middle temporal gyri (MTQG) in the
HC cohort but not the patient group. These are brain
regions that are responsible for lexical and semantic
processing and speech comprehension (MTG) and for
phonological processing, context, and semantic
memory (IFG) based on prior language processing
models.*’***  Limiting the analysis to English-
speaking patients resulted in similar attenuated

responses with no IFG involvement (Supplementary
Fig. 3). Motor imagery induced significantly greater
activations in HC than in patients, with widespread
activation involving the frontal lobe, precentral gyrus,
and supplemental motor areas. No significant brain
responses were observed in the group-level patient
results for motor imagery.

Group-level imaging comparisons between patients with and
without arousal recovery. Group-level imaging differences
were evident between AR and NoAR patients, with no
task-relevant responses observed during language tasks
for the NoAR group (Figure 3). Coordinates for the
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Music? Forward

(a)

HC
(N=5)

(b)

Patients
(N=19)

(c)

HC >
Patients

Backward

Motor Imagery

Figure 2. Group-level task-based fMRI responses for healthy controls, patients, and their comparison. The Group-level fMRI results
for (a) healthy controls (HC) and (B) patients are shown. (C) For all tasks, group-level comparisons show significantly higher brain
responses in healthy controls than in patients. Patients have no significant brain responses during motor imagery, whereas healthy

controls show responses across frontal and motor areas. HC = Healthy Control. *n = 18 for music: one patient was excluded because

of incomplete data.

local maxima and cluster size of significant clusters for
AR, NoAR, and AR>NoAR are summarized in
Supplementary Table 3. The music and language
tasks induced significantly greater brain responses in
auditory cortices (HG, PT, and STG) in patients with
AR compared to the NoAR group. Involvement of
IFG or MTG was not evident in either group for
both language tasks. Additionally, neither group dem-
onstrated significant task-relevant responses during the
motor imagery task (Figure 3).

Group-level imaging comparisons between patients with good
and poor long-term outcomes. The group-level responses
of patients achieving EMCS (Figure 4) exhibited brain
activation patterns involving primary auditory and audi-
tory association cortices, similar to HC (Supplementary
Fig. 4) for the music and language tasks (including the
IFG), although weaker and to a lesser spatial extent in
some regions like the PT, MTG and IFG. In compari-
son (Figure 4), the non-EMCS outcome group demon-
strated substantially reduced activations for the music
task in the auditory cortices and no task-relevant acti-
vation patterns for the language tasks. Significant

group-level differences between EMCS and non-EMCS
cohorts for music and language tasks were observed. No
significant group-level responses were noted during
motor imagery tasks for either EMCS or non-EMCS
groups (Figure 4). Coordinates for the local maxima
and cluster size of significant clusters for patients with
EMCS, non-EMCS, and their comparisons are summa-
rized in Supplementary Table 4. Coordinates for the
local maxima and cluster size of significant clusters for
HC compared to EMCS patients are summarized in
Supplementary Table 5.

Reference image selection. Dice scores for individual
healthy control subjects’ brain responses (i.c., Z-statis-
tic maps) against anatomical reference images and
group-level functional reference images are provided
in Supplementary Table 6. Overall, Dice scores based
on group-level functional reference images outper-
formed scores based on anatomical reference images.
Thus, the group-level functional images were selected
as the reference images to quantify the degree of task-
relevant responses in individual patients.
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Music?

Forward

NoAR
(N=8)

Backward Motor Imagery

Figure 3. Group-level task-based fMRI responses to music, language, and motor imagery in patients with and without arousal
recovery and their comparison. The Group-level fMRI results are shown for (a) patients with AR and (b) without AR (NoAR).
(c) Group-level comparisons showed greater activity in patients with AR than in the NoAR patients for music and language tasks.
AR = Arousal Recovery. NoAR = No Arousal Recovery. *n= 10 for music for AR: one patient was excluded because of

incomplete data.

Quantification of task-relevant fMRI responses on an individual
subject basis. Dice scores for individual HCs and
patients are provided in Supplementary Tables 6 and
7, respectively. Individual brain responses for HCs
(Supplementary Fig. 5), AR (Supplementary Fig. 06),
and NoAR (Supplementary Fig. 7) cohorts are shown
in the Supplementary material. No statistically signifi-
cant differences in Dice scores were observed for all
tasks between sedated versus non-sedated patients,
intubated versus non-intubated patients, and early-
WLST versus non-early-WLST patients (Table 2).
Therefore, for the remainder of the analyses, no adjust-
ments were made for sedation, intubation, or early
WLST. Higher Dice scores were noted in HCs for all
tasks compared to all patients (music: 0.43 (0.18-0.49)
vs. 0.0 (0.0-0.045), P=0.003; forward: 0.42 (0.33-0.59)
vs. 0.0 (0.0-0.04), P<0.001; backward: 0.48 (0.36-0.54)
vs. 0.0 (0.0-0.04), P<0.001; motor: 0.25 (0.02-0.35) vs.
0.0 (0.0-0.02), P=0.02).

Not surprisingly, significant group differences (HC,
AR, NoAR) in Dice scores were noted for all tasks
(One-way ANOVA music: F(2,22) =8.92, P=0.0017,
forward: F(2,23) =26.38, P <0.001, backward: F(2,23)
=25.43, P<0.001; motor imagery: F(2,23) =4.53,

P=0.023) as shown in Figure 5. Dice scores for HC
(0.43 (0.18-0.49) were greater than AR (0.0 (0.0-0.26),
P=0.019) and NoAR (0.0 (0.0-0.02), P=0.005) for
music. Similar results were found for forward language
for HC (0.42 (0.33-0.59)) compared to AR (0.0 (0.0
0.1), P=0.005) and to NoAR (0.0 (0.0-0.03),
P=0.003) and for backward language for HC (0.48
(0.36-0.54)) compared to AR (0.0 (0.0-0.14),
P=0.005) and compared to NoAR (0.0 (0.0-0.0),
P=0.001). For motor imagery, Dice scores for HC
(0.25 (0.02-0.35)) were noted to be significantly larger
than AR (0.0 (0.0-0.0), P=0.023) but not significantly
greater than NoAR (0.0 (0.0-0.10), P=0.089). There
were no statistically significant differences in Dice
scores between AR (n=11) and NoAR (n=28) groups
for all tasks (music: P=0.69, forward: P=0.36, motor
imagery: P=0.39) except for the backward language
task (P =0.038). Except for motor imagery (7, =0.24,
P=0.19), Dice scores for all tasks were significantly
correlated with neurologic recovery (music: 7, =0.46,
P=0.01; forward language: 1, =0.56, P=0.002; back-
ward language: 7,=0.70, P <0.001).

Similar results were found comparing Dice scores
between HC (n=15), patients who achieved EMCS
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EMCS
(N=4)

(b)

Non-EMCS
(N=15)

(c)

EMCS >
Non-EMCS

Music® Forward

Backward

Motor Imagery

Figure 4. Group-level task-based fMRI responses to music, language, and motor imagery tasks in patients with EMCS, non-EMCS,
and their comparison. The Group-level fMRI results are shown for patients with (a) EMCS (emergence from the minimally conscious
state) and (b) non-EMCS. (c) Group-level comparisons between the groups show greater responses in patients with EMCS than in
patients with non-EMCS. Interestingly, the EMCS forward language results show involvement of the IFG (arrow) which was not
evident in the AR group-level findings (Figure 3). *n =3 for music: one patient was excluded because of incomplete data.

EMCS = Emergence from the minimally conscious state.

Table 2. Univariable Dice score analysis by potentially confounding factors.

Yes No P-value

Sedated (n=10) vs Non-sedated (n=9)

Music, median (IQR) 0.0 (0.0-0.045) 0.0 (0.0-0.17) 0.10

Forward Language, median (IQR) 0.0 (0.0-0.055) 0.0 (0.0-0.015) 0.67

Backward Language, median (IQR) 0.0 (0.0-0.0) 0.0 (0.0-0.09) 0.14

Motor Imagery, median (IQR) 0.0 (0.0-0.1) 0.0 (0.0-0.0) 0.27
Intubated (n= 14) vs Non-Intubated (n=15)

Music, median (IQR) 0.0 (0.0-0.045) 0.0 (0.0-0.33) 0.86

Forward Language, median (IQR) 0.0 (0.0-0.04) 0.0 (0.0-0.23) 0.63

Backward Language, median (IQR) 0.0 (0.0-0.01) 0.0 (0.0-0.27) 0.44

Motor Imagery, median (IQR) 0.0 (0.0-0.10) 0.0 (0.0-0.0) 0.15
Early-WLST (n = 6) vs Non-Early-WLST

(n=13)

Music, median (IQR) 0.005 (0.0-0.045) 0.0 (0.0-0.17) 0.83

Forward Language, median (IQR) 0.0 (0.0-0.04) 0.0 (0.0-0.06) 0.80

Backward Language, median (IQR) 0.0 (0.0-0.0) 0.0 (0.0-0.09) 0.10

Motor Imagery, median (IQR) 0.0 (0.0-0.13) 0.0 (0.0-0.01) 0.65

All comparisons were calculated using a two-sample Wilcoxon Rank Sum Test with normal approximation. WLST:

Withdrawal of Life Sustaining Treatment.
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Figure 5. Dice Scores and Rindex for Healthy Controls and Patients measuring responsiveness to tasks during fMRI. Boxplots
comparing Dice scores and Rindex for healthy controls (HC) and patients. Dice scores for HC, patients with arousal recovery (AR),
and without AR (NoAR) for (a) music, (b) forward language, (c) backward language, and (d) motor imagery. Rindex comparisons (e)
between HC, AR, and NoAR groups, and (f) between HC, patients who achieved EMCS and patients who did not (Non-EMCS) by one
year. Statistically significant differences between groups are shown. AR = Arousal Recovery. EMCS = Emergence from the minimally
conscious state. NoAR =No Arousal Recovery. *n = 10 for music AR: one patient was excluded because of incomplete data.

(n=4), and patients who did not (n=15). Significant
group differences in Dice scores were noted for all tasks
(One-way ANOVA music: F(2,22) =16.45, P<0.001;
forward: F(2,23) =34.02, P <0.001; backward: F(2,23)
=37.76, P<0.001; motor imagery: F(2,23)=4.70,
P=0.021). For music, forward language, and motor
imagery, HC Dice scores were greater than the non-
EMCS group’s Dice scores (music: 0.0 (0.0-0.01),
P=0.001; forward: 0.0 (0.0-0.02), P<0.001; motor
imagery: 0.0 (0.0-0.10), P =0.034) but were comparable
to the EMCS group’s Dice scores (music: 0.36 (0.0—
0.44), P=0.55; forward: 0.08 (0.0-0.38), P=0.11;
motor imagery: 0.0 (0.0-0.015), P=0.072). For back-
ward language, HC Dices scores were larger than non-
EMCS (0.0 (0.0-0.0), P<0.001) but comparable to
EMCS (0.16 (0.01-0.44), P=0.11) outcomes groups.
No statistically significant differences in Dice scores
between EMCS and non-EMCS outcomes were found
for music (P=0.11), forward language (P=0.27), and
motor imagery (P=0.80), but for the backward lan-
guage task, the EMCS group had significantly greater
Dice scores (P =0.012). Dice scores for all tasks except

for motor imagery (7,=0.33, P=0.07) were significantly
correlated with improved consciousness (music:
17,=0.62, P<0.001; forward Ilanguage: 7,=0.61,
P <0.001; backward language: 1,=0.77, P <0.001).

Association of Rindex with arousal recovery and long-term
outcomes. The Rindex for HC (0.48 (0.39-0.61)) was
significantly greater than those of the AR (0.1 (0.0—
0.28), P=0.007) and NoAR (0.02 (0.0-0.12),
P =0.0038) groups. There was no significant difference
in Rindex between AR and NoAR groups (P =0.28).
Interestingly, there was no significant difference in the
Rindex between HC and the EMCS group (0.2 (0.01-
0.0.46), P=0.27). HC had a significantly greater
Rindex than the non-EMCS group (0.04 (0-0.14),
P=0.001). There was no significant difference in the
Rindex between the EMCS and non-EMCS outcomes
groups (P=0.14). The Rindex was significantly corre-
lated with improved arousal (t, =0.54, P=0.002) and
consciousness (t,=0.62, P=0.001).

For all patients, Rindex >0 was 75% [95% CI: 19—
99%] sensitive and 47% [95% CI: 21-73%] specific for
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predicting EMCS. Limiting the analysis to patients
who survived to discharge (n=26), the sensitivity of
Rindex >0 for predicting EMCS (n=4) was 75%
[95% CI: 19-99%] with 100% [16-100%] specificity.
The specificity of absent task-relevant responses (i.e.,
Rindex =0) for predicting poor outcomes (i.c., non-
EMCS) (n=2) was only 75% [95% CI: 19-99%].

Discussion

This prospective study investigated brain responses in
comatose cardiac arrest patients during instrumental
music, language (forward and backward speech), and
motor imagery (imagine squeezing the right hand)
tasks using functional MRI. The brain activation pat-
terns we observed in HC were consistent with previous-
ly reported language®®*® and music*>*® processing
models. Group-level results showed that language,
music, and motor imagery tasks induced significantly
greater responses in healthy controls than patients,
with activations primarily localized to primary audito-
ry and auditory association cortices during music and
language. During motor imagery tasks, although more
widespread, involving frontal regions and motor corti-
ces, responses were weaker compared to music and lan-
guage stimuli, even for healthy controls. The
attenuated brain responses involving HG, STG, PT,
MTG, and IFG in patients during music and language
tasks suggest disruptions in auditory perception, audi-
tory information processing, and semantic processing.
The HG and STG are key brain regions responsible for
auditory perception and information processing. On
the other hand, MTG and PT are essential for lexical
and semantic processing and speech comprehension,
and IFG for phonological processing, contextual proc-
essing, and semantic memory.>’>** Overall, group-
level results in the patients suggest preservation of
auditory perception but impairment of semantic and
phonological processing, including language.

We investigated whether there were differences in
task-based fMRI between AR and NoAR patients.
Group-level differences showed that the AR group
had significantly greater activations for music and lan-
guage tasks than the NoAR group but not for the
motor imagery task (Figure 3). Furthermore, for the
NoAR group, there were no task-relevant responses
for either music or language tasks. However, even for
the AR group, no IFG involvement was noted for the
language tasks. Interestingly, activation of the left
occipital lobe was observed for the AR group (and to
a lesser extent for the NoAR group) for the music task
but not for language. Previous studies have shown that
in healthy volunteers, the occipital lobe was involved in
music perception and harmonic processing but not
language.*'** We did not observe this for our HC

group-level results, likely due to the small sample size
(n=>5). In addition, for the NoAR group, task-relevant
activity was only observed for music (although to a
lesser extent than the AR group) but not for the lan-
guage tasks, perhaps due to the greater complexity
involved in speech processing. Our findings are consis-
tent with a previous study of patients with disorders of
consciousness that showed musical stimuli elicited
better responses than verbal commands.*?

We also performed group-level analyses of patients
with EMCS (n = 4) versus non-EMCS (n = 15) (Figure 4).
Limiting the group-level analysis to EMCS patients,
despite involving a smaller number of subjects, resulted
in an increased spatial extent of activation that includ-
ed auditory association cortices compared to AR
group-level findings. The auditory responses in the
EMCS cohort demonstrated more widespread activa-
tion patterns in the primary auditory cortex (HG) and
association cortices (PT and STG) and some frontal
IFG responses to language, suggesting residual func-
tionality with auditory processing and semantic proc-
essing. In contrast, the group-level results for the
patients who did not achieve EMCS were similar to
those of the NoAR group-level findings, except for
the music task, which showed greater involvement of
the occipital pole for the non-EMCS group. Decisions
about WLST may have confounded the NoAR and
Non-EMCS results; 13 of 15 patients died before dis-
charge, with only one attributed to brain death and the
rest due to WLST.

Perhaps more clinically relevant than group-level
differences, we quantified the strength and spatial
extent of results on an individual patient basis using
task-relevant Dice scores. Since the reference images
are binarized maps derived from the HC group-level
Z-statistic images (Supplementary Fig. 2A), one
would expect perfect Dice scores for the healthy con-
trols. Instead, the median HC Dice scores across tasks
ranged from 0.25 to 0.48, with the poorest performance
attributed to the motor imagery task. The large IQR of
the Dice scores is due to the variance of fMRI results,
as can be qualitatively noted across the individual HC
subjects’ brain activation maps (Supplementary Fig. 5).
Indeed, the known variability of fMRI results*®** is a
barrier to its routine clinical use.*> Another potential
explanation for the low Dice score is the relatively
small number of HC datasets used to create each
task-related reference image. A larger number of data-
sets may lead to more robust reference images. In addi-
tion, the Dice score penalizes for both false positives
(non-task-relevant activations) and false negatives
(absent task-relevant activations) and depends on the
statistical threshold and choice of reference images.
The Dice score may thus be an overly strict measure
of reproducibility. Other measures have been proposed
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when discussing fMRI reliability.***¢** However,
these metrics are affected by the same factors as the
Dice score, such as the statistical threshold for deter-
mining significant clusters and the need for reference
images. In addition, these alternative measures, e.g.,
fMRI signal stability or shifts in the location of cluster
centroids, may be less clinically useful.

Despite these potential limitations, increasing
Dice scores were associated with better outcomes, mea-
sured by either arousal recovery or achieving EMCS
(Figure 5). Although some of the patients with AR
(Supplementary Fig. 6) have activation patterns in
the primary auditory and auditory association cortices
comparable to healthy controls (Supplementary Fig. 5),
many did not, as reflected in the Dice scores. The lack
of statistically significant differences between AR and
NoAR groups is likely due to the small sample size and
large variance in Dice scores across individuals. The
exception was the backward language task, for which
none of the NoAR patients exhibited task-relevant
responses. A previous study has reported that reverse
speech is associated with increased attention,* which
may have led to more robust activation in patients with
covert consciousness. Studies with larger numbers of
patients are needed to test this hypothesis.

Even for patients who achieved EMCS, Dice scores
varied considerably. Two patients (P09 and P10) with
EMCS had minuscule Dice scores, whereas the other
two patients (P03 and P08) had Dice scores comparable
to those of healthy controls. For patients P09 and P10,
high levels of motion were detected during the fMRI,
which diminished signal quality and might have con-
tributed to the failure to detect any task-relevant
responses (see Supplementary Fig. 6). The variability
of task-based fMRI results amongst patients is not
surprising®’, considering the wide range of Dice
scores observed in healthy individuals. Indeed, one
healthy control, CO01 (Supplementary Table 6),
showed weak responses to a passive music listening
task (Dice=0.09) and to an active motor imagery
task (Dice=0.0). Although larger sample sizes may
mitigate the effects on a group-wise basis, our primary
focus is to assess the accuracy of task-based fMRI in
predicting recovery of consciousness on an individual
patient basis. Our results demonstrate that task-based
fMRI results are highly variable even in healthy con-
trols. Therefore, caution must be used in interpreting
the absence of task-relevant fMRI responses as specific
indicators of poor neurologic outcomes.

To compensate for the variability of individual
responses, we calculated the Rindex, which is the max-
imum Dice score for the four tasks. The Rindex pro-
vides an intuitive measure of participants’
responsiveness without penalizing patients for weak
performance on some tasks. For patients who survived

to discharge (n=6), the Rindex was 100% specific for
identifying patients who achieved EMCS using
Rindex > 0. However, amongst non-survivors whose
cause of death was WLST, there were many patients
in our study with Rindex > 0. Therefore, it is difficult
to determine whether the Rindex is genuinely 100%
specific in predicting which patients will achieve
EMCS if allowed to survive, as these patients might
or might not have neurologically recovered. Further
research is needed.

Limitations

There were several potential limitations to our study.
The primary limitation was the small sample size, with
only five healthy controls and 19 patients. Because of
the small sample size, we used a fixed-effect analysis for
group-level brain responses instead of the more conser-
vative mixed-effects analyses typically employed when
generalizing group-level inferences to the population
level.”! The varying task-relevant responses in patients
could have been confounded by multiple factors,
including behavioral and physiological conditions and
ongoing treatment and medications.’>>® Although we
did not find statistically significant between-group dif-
ferences in Dice results for sedated, intubated, or early-
WLST patients, it may be due to the small sample sizes.
On the other hand, some patients exhibited high Dice
and Rindex scores even though they were sedated, con-
sistent with other studies in healthy controls®’ and
patients.®3%>

Other potential confounders could be due to vari-
able image acquisition in clinical MRI scanners com-
pared to dedicated research systems.®*®! Although the
same MRI protocol and scanner were used for all par-
ticipants, scanner upgrades occurred during the study.
In addition, different head coils were used depending
on the patient’s head size, which led to an inconsistent
number of slices (49 slices for the 32-channel head coil
and 46 slices for the 20-channel head and neck coil) and
fMRI signal-to-noise ratio. However, robust task-
relevant responses were observed for the healthy con-
trol scanned with the 20-channel coil (Supplementary
Table 6, C03), suggesting that usage of the 20-channel
coil did not interfere with the detection of task-relevant
fMRI responses. Another potential confounder was the
timing of the fMRI scans (5 [4-8] days post-cardiac
arrest), which depended on the patient’s clinical condi-
tion, such as hemodynamic stability. The evolution of
brain injury in comatose cardiac arrest patients is still
not well understood. Several serial studies suggest the
time course of hypoxic-ischemic injury is highly
dynamic, especially in the first few days after cardiac
arrest.>'? Thus, the differences observed between AR



62

Journal of Cerebral Blood Flow & Metabolism 44(1)

patients, who were scanned later, and NoAR patients
could have been related to differences in timing.

Including non-English speakers (n =4) in the patient
cohort may have contributed to attenuated responses.
However, similar activation patterns in group-level
results after excluding non-English speakers were
found (Supplementary Fig. 3). We included non-
English speakers to ensure that the demographics of
our research patient sample reflected the general cardi-
ac arrest patient population. Furthermore, previous
studies have shown the presence of task-relevant brain
responses in the auditory cortices in response to non-
native phonemes.®? In our study, non-English speaking
patients exhibited less task-relevant activations than
the English-speaking patients (Supplementary Fig. 3).
However, three of these patients did not exhibit arousal
recovery, which could explain the reduced group-level
responses for this group. Future studies should compare
task-based fMRI results from speech paradigms in the
patient’s native language to responses in English to
better investigate the effects of speech comprehension.

Another possible source of bias is that patients
included in the study needed to be able to undergo an
MRI, excluding hemodynamically unstable patients
and patients with MRI contraindications such as
implantable cardiac devices. This might have led to a
healthier population enrolled in our study. In addition,
performing fMRI in comatose cardiac arrest patients
can be challenging since many patients are hemody-
namically unstable and mechanically ventilated, limit-
ing the widespread use of task-based fMRI for
consciousness evaluation.

Lastly, the results of our study are likely confounded
by WLST, which makes studies of comatose cardiac
arrest survivors difficult in general. Indeed, the primary
reason for screened patients being excluded from the
study was WLST (111/293, 38%). Patients with severe
injury on admission CT may have been excluded due to
premature WLST, thereby skewing our enrolled patient
sample. In addition, sharing individual patient-level
activation maps with the clinical team may have led
to self-fulfilling prophecy bias.*> While only fMRI
Z-statistic images were shared in these settings, these
images are associated with Dice scores and Rindex
values.

Conclusions

Our task-based fMRI results suggest it is a promising
tool for detecting covert consciousness in comatose car-
diac arrest patients. The degree of task-relevant
responses appears to increase with an improved level
of consciousness, especially during backward spoken
language. While task-based fMRI findings combined
with other modalities in assessing post-cardiac arrest

patients will provide greater insight into the extent of
neurologic injury, as a single modality, they appear
more suited to predicting potentially good outcomes
rather than predicting poor outcomes. Caution is nec-
essary because many factors may confound the results,
including motion artifacts in encephalopathic but con-
scious patients or sedation in comatose patients.
Replication of these pilot findings will be necessary to
confirm that they generalize to diverse patients, com-
munities, and clinical environments.
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