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Purpose:

Materials and
Methods:

Results:

Conclusion:

To assess whether early brain functional connectivity is
associated with functional recovery 1 year after cardiac
arrest (CA).

Enrolled in this prospective multicenter cohort were 46
patients who were comatose after CA. Principal outcome
was cerebral performance category at 12 months, with
favorable outcome (FO) defined as cerebral performance
category 1 or 2. All participants underwent multiparamet-
ric structural and functional magnetic resonance (MR)
imaging less than 4 weeks after CA. Within- and between-
network connectivity was measured in dorsal attention
network (DAN), default-mode network (DMN), salience
network (SN), and executive control network (ECN) by
using seed-based analysis of resting-state functional MR
imaging data. Structural changes identified with fluid-
attenuated inversion recovery and diffusion-weighted im-
aging sequences were analyzed by using validated mor-
phologic scales. The association between connectivity
measures, structural changes, and the principal outcome
was explored with multivariable modeling.

Patients underwent MR imaging a mean 12.6 days *= 5.6
(standard deviation) after CA. At 12 months, 11 patients
had an FO. Patients with FO had higher within-DMN
connectivity and greater anticorrelation between SN and
DMN and between SN and ECN compared with patients
with unfavorable outcome, an effect that was maintained
after multivariable adjustment. Anticorrelation of SN-
DMN predicted outcomes with higher accuracy than
fluid-attenuated inversion recovery or diffusion-weighted
imaging scores (area under the receiver operating charac-
teristic curves, respectively, 0.88, 0.74, and 0.71).

MR imaging-based measures of cerebral functional net-
work connectivity obtained in the acute phase of CA were
independently associated with FO at 1 year, warranting
validation as early markers of long-term recovery poten-
tial in patients with anoxic-ischemic encephalopathy.

©RSNA, 2017
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ardiac arrest (CA) is reported in

535000 individuals in the United

States annually and is a leading
cause of death (1), while survivors suffer
from varying degrees of anoxic brain in-
jury with long-term functional disability
and cognitive impairment (2). A chal-
lenge in the care of patients after CA
is that individuals with similarly mani-
festing characteristics may have mark-
edly different outcomes, ranging from
death or states of chronically depressed
consciousness to complete recovery.
Recent studies (3,4) indicate that the
accuracy of outcome classification can
be enhanced with advanced electro-
encephalography or evoked-potential
analysis. However, current prognostic
models fail to predict coma emergence
and cognitive recovery with a degree
of accuracy and reproducibility that
would be useful at single-subject level

Advances in Knowledge

B In comatose patients evaluated
early (mean, 12.6 days; range,
6-28 days) after cardiac arrest
(CA), resting-state functional MR
imaging identified specific pat-
terns of connectivity within and
between higher order intrinsic
brain networks that were mark-
edly reduced when compared
with healthy control participants.

B Patients with favorable 1-year
functional outcome had greater
preservation of connectivity
within the default-mode network
(DMN; P = .002), as well as
higher levels of connectivity
between the salience network
and the DMN (P < .001), when
compared with patients with un-
favorable outcome.

B Functional connectivity changes
between networks discriminated
between outcome categories with
greater accuracy than any of the
tested MR imaging structural
measures (c-statistic: 0.88, 0.73,
and 0.71, respectively, for default
mode-salience network connec-
tivity, diffusion-weighted imaging
score, and fluid-attenuated inver-
sion recovery score).

(5). Moreover, the validity of existing
prognostic approaches is reduced in
patients who received therapeutic tem-
perature management (4,6,7).

It has been proposed (35) that pre-
dictive accuracy could be enhanced with
methods that examine underlying bio-
logic or neurophysiological differences
after CA. Detailed characterization of
post-CA tissue changes can be realized
with diffusion-weighted brain magnetic
resonance (MR) imaging (8), and both
global or regional patterns of restricted
diffusion have been linked to clinical out-
come (9,10). In a study (11) that used
quantitative diffusion-tensor imaging in
the acute post-CA setting, a prediction
model that integrated diffusion-tensor
imaging measures of corpus callosum
integrity classified long-term outcomes
with greater accuracy than a clinical
prediction model. Moreover, decreased
functional activity and loss of connectiv-
ity within certain brain regions are con-
sistently observed in the chronic phases
that follow various brain injures (12).
These findings suggest that recovery af-
ter CA might be determined, at least in
part, by a pathophysiologic substrate of
anatomic and functional disconnection.
To study these patients who were coma-
tose and unable to engage in a specified
activity, we used a multimodal MR imag-
ing sequence that included resting-state
functional MR imaging. Resting-state
functional MR imaging indicates that
the brain is organized in discrete large-
scale intrinsic functional networks with
distributed topologic features that are
congruent with known sensorimotor
and cognitive systems (13-16). Resting-
state networks are dynamic systems
that change throughout the lifespan
and in relation to physiologic processes
such as learning and sleep (17). In addi-
tion, network-based conceptual models

Implication for Patient Care

® MR imaging performed in the
acute phase after CA indicates
that network functional connec-
tivity measures increase the ac-
curacy of outcome prediction,
which suggests a novel prognos-
tic biomarker.

suggest a systems-level approach to un-
derstand and treat neurodevelopmental,
neurologic, and psychiatric disorders
(16,18,19). We hypothesized that con-
nectivity within and between four ca-
nonical resting-state networks would
be altered in the acute phase after CA,
and that the magnitude of connectivity
disruption would be linked to 1-year
functional outcome. The purpose of this
study was to assess whether early brain
functional connectivity is associated
with functional recovery 1 year after CA.

Materials and Methods

Participants

Study participants were identified ret-
rospectively within a prospective obser-
vational cohort of patients admitted to
the intensive care unit with severe brain
injury at three centers (Groupe Hospital-
ier Pitié-Salpétriere, Paris, France; Cen-
tre Hospitalier Universitaire de Clermont
Ferrand, Clermont-Ferrand, France;
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and Centre Hospitalier Universitaire de
Liege, Liege, Belgium) (ClinicalTrials.
gov identifier NCT00577954). Investiga-
tors at these centers and in the United
States established the Neuroimaging for
Coma Emergence and Recovery (known
as NICER) Consortium to map changes
in brain structure and function in pa-
tients who are unconscious after severe
neurologic injury (CA, brain trauma, and
stroke) and to determine the relationship
between such changes and long-term
functional recovery and outcome; addi-
tional details on this project have been
provided elsewhere (11,20,21). Clinical
and structural MR imaging data on 20 of
the patients included in the current study
have been reported elsewhere (11).

This study was approved by the in-
stitutional review board at participating
centers. To be included in this study,
patients had to meet the following crite-
ria: CA documented in the preceding 2
weeks, coma defined as inability to follow
commands not attributed to sedation or
aphasia, admission to the intensive care
unit, mechanical ventilation, brain MR
images obtained less than 28 days after
CA, and a brain-imaging protocol that
included a blood oxygen level-depen-
dent sequence. Patients were excluded
if there was any neurodevelopmental,
neurologic, or psychiatric disorder that
preceded CA. The study did not require
any specific algorithm for temperature
management, sedation, or any other as-
pect of critical care, all of which were
at the discretion of providers in par-
ticipating centers. MR imaging was not
performed in patients who had rapidly
evolving neurologic, circulatory, or re-
spiratory instability, or if there was any
other factor that precluded safe trans-
port and MR imaging.

Data collected included patient de-
mographics, etiologic cause of CA, first
detected cardiac rhythm, time to return
of spontaneous circulation, neurologic
examination (Glasgow coma scale, pu-
pillary light reflex, corneal reflex, mo-
tor deficits), temperature management,
and use of sedation. The principal
outcome was a dichotomized cerebral
performance category (22) score evalu-
ated 12 months after CA. The cerebral

performance category is an outcome

measure extensively validated in pa-
tients with CA that describes five levels
of functional ability: 1, good cerebral
performance (ie, alert, able to work);
2, moderate disability (ie, conscious,
independent in most activities of daily
living); 3, severe disability (ie, con-
scious but dependent in most activities
of daily living); 4, coma or vegetative
state; and 5, brain death. Patients with
a cerebral performance category score
of 1-2 were classified as having a fa-
vorable outcome (FO) and those with
a cerebral performance category score
of 3-5 were classified as having an un-
favorable outcome.

The control group consisted of 48
age-matched healthy volunteers re-
cruited from the community who had
no history of neurologic or psychiatric
disorder and who were not taking psy-
choactive medications.

MR Imaging Data Acquisition

Patients were accompanied to the im-
aging suite by an intensive care unit
provider and had continuous moni-
toring of physiologic variables during
MR imaging and associated transport.
Sedation was administered by the in-
tensive care unit team as needed to
limit movement during the MR exami-
nation. Imaging of control participants
was accomplished in a semidark and
quiet environment; these control par-
ticipants were instructed to close their
eyes and think about nothing in partic-
ular during the resting-state functional
MR imaging sequence.

Structural and functional MR imag-
ing was performed on 3-T MR imagers
at the three sites. Pulse sequences in-
cluded athree-dimensional T1-weighted
sequence, fluid-attenuated inversion
recovery (FLAIR), and diffusion-weight-
ed imaging (DWI). Functional T2*-
weighted blood oxygen level-depen-
dent images at resting-state functional
MR imaging were acquired by using
two-dimensional gradient-echo echo-
planar imaging. MR imagers and image
acquisition parameters varied accord-
ing to site and are presented here.

Centre  Hospitalier ~ Universitaire
de Liége.—Tim Trio imager (Siemens
Medical Solutions, Erlangen, Germany).

T1-weighted imaging: repetition time
msec/echo time msec, 2300/2; voxel
size, 1 X 1 X 1.2 mm. Resting-state
functional MR imaging: 2000/30; voxel
size, 3-3.4 X 3-3.4 X 3.75 mm; 300
volumes. FLAIR sequence: 6000/388; in-
version recovery, 2100 msec; voxel size,
0.98 X 0.98 X 1 mm. DWI: 5700/87;
voxel size, 1.79 X 1.79 X 3 mm. DWI
for one participant was performed with
slightly different parameters: 6000/75;
voxel size, 0.89 X 0.89 X 3 mm.

Centre Hospitalier Universitaire de
Clermont Ferrand.—Discovery MR750
imager (GE Healthcare, Waukesha,
Wis). T1-weighted imaging: 8164/3.18;
voxel size, 1 X 1 X 1 mm. Resting-state
functional MR imaging: 2500/26; voxel
size, 3.75 X 3.75 X 4 mm; 150 volumes.
FLAIR sequence: 11000/150; inversion
recovery, 2350 msec; voxel size, 0.47 X
0.47 X 3 mm. DWI: 4800/86.5-87.5,
voxel size, 1.09 X 1.09 X 4 mm.

Groupe Hospitalier Pitié-Salpétriere.
—Signa HDxt imager (GE Healthcare).
T1-weighted imaging: 7100-7336/3.09-
3.11; voxel size, 0.49 X 0.49 X 1.2 mm.
Resting-state functional MR imaging:
2400-3500/25-30; voxel size, 2.19-3.4
X 2.19-3.4 X 3-5 mm; 69-200 volumes.
FLAIR sequence: 9000/150; inversion re-
covery, 2250; voxel size, 0.47 X 0.47 X
3 mm. DWI: 7000/61-71; voxel size, 1.09
X 1.09 X 5 mm.

The same imaging parameters were
used for patients and control partici-
pants at each site.

Image Processing

Brain MR images were reviewed by a
board-certified neuroradiologist (H.I.S.,
with 6 years of postfellowship experi-
ence) to evaluate for structural abnor-
malities. Participants with any evidence
of territorial stroke of any age, intracra-
nial hemorrhage, or intracranial mass le-
sions were excluded; in addition, any sub-
ject with head motion greater than 2 mm
across the imaging session was excluded.

MR imaging morphologic analysis
was accomplished by using two vali-
dated scores on the basis of a visual rat-
ing (23,24). In the system proposed by
Hirsch et al (24), developed in a similar
population with CA, the anatomic loca-
tion and degree of signal abnormality
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on FLAIR images and DWI sequences
is rated from O (normal) to 4 (severe),
and composite tissue signal change is
then calculated in cortical, basal ganglia
and thalamus, brainstem, and cerebel-
lar structures (24). The sum of scores
in cortical, basal ganglia, and all struc-
tures is referred to as the cortex, deep
gray nuclei, and overall score, respec-
tively. The sum or all scores recorded
by using FLAIR and DWI is known as
the DWI and FLAIR score, respectively
(24). The second scoring system used
was the Fazekas scale (23), which has
been extensively validated to classify
patients with small-vessel ischemic
disease (25), and which we applied
to FLAIR images. The Fazekas scale
grades the magnitude of periventricu-
lar and deep white matter hyperintense
areas on T2-weighted or FLAIR images
from O (no lesion) to 3 (irregular peri-
ventricular signal extending into the
deep white matter for periventricular
white matter, or large confluent areas
for deep white matter) (23).
Functional images were processed
by using statistical parametric mapping
(SPM version 8; Wellcome Trust, Lon-
don, England) implemented in Matlab
version R2011a (Mathworks, Natick,
Mass). The first 10 volumes of resting-
state functional MR imaging were dis-
carded to allow for equilibrium. Section
timing correction and motion correc-
tion were performed. The ART-repair
toolbox in SPM was used with default
parameters to repair functional MR
imaging sections and volumes with sig-
nificant artifact related to motion and
global signal variance. T1-weighted im-
ages and functional MR images were
coregistered for each participant and
normalized to Montreal Neurological
Institute space at 2-mm resolution. T1-
weighted images were segmented into
gray matter, white matter, and cerebro-
spinal fluid. These segmentation masks
were eroded and binarized and white
matter and cerebrospinal fluid regions of
interest were created, which were used
for physiologic nuisance removal of de-
trended functional MR images by using
the anatomic component-based noise
correction method (CompCor; 26). The
nuisance-regressed functional MR image

was bandpass filtered at 0.1-0.01 Hz and
spatially smoothed by using a Gaussian
kernel with full width at half maximum
of 6 mm. Mean root mean square values
for volume-to-volume head motion were
calculated and compared between the
control and anoxia groups.

Functional Connectivity Measurement and
Statistical Analysis

A set of 77 network-grouped seeds were
generated by using independent compo-
nent analysis in a previously collected
data set of healthy volunteers (27) via
selection of the center of mass for each
independent cluster identified on in-
dependent component analysis maps.
From this set, seeds from four networks
of interest were used: the dorsal atten-
tion network (DAN; 12 seeds), the de-
fault-mode network (DMN; 13 seeds),
the executive control network (ECN;
eight seeds), and the salience network
(SN; seven seeds). These four networks
were selected because they are well
characterized in terms of their topogra-
phy and are associated behavioral and
cognitive phenotype of higher order
brain function (16); in addition, these
networks contribute most consistently
to intersubject differences in connectiv-
ity (28). Time-dependent blood oxygen
level-dependent fluctuations of each
seed were extracted for each partici-
pant, and Pearson correlation coefficient
was computed across all seed pairs. The
resultant connectivity matrices were z-
score normalized. Intrinsic within-net-
work connectivity was expressed as the
mean correlation of all seeds inside each
network, and extrinsic between-network
connectivity was expressed as the mean
correlation between all seeds in network
pairs (DMN-DAN, DMN-SN, DMN-
ECN, DAN-SN, DAN-ECN, SN-ECN).
Data are expressed as means and
standard deviation unless otherwise
specified. Study participants were clas-
sified as follows for group comparisons:
control participants, patients, patients
with FO, and patients with unfavorable
outcomes. Fisher exact test was used
to compare categorical variables and
Mann-Whitney U test was used for
nonnormally  distributed continuous
variables. Between-group comparisons

of within-network connectivity and
between-network connectivity were
adjusted in a multivariable model that
included age, sex, and whether or
not participants underwent sedation.
Strength of the association between
connectivity, structural measures, and
the principal outcome was determined
with the help of a multiple logistic re-
gression model that adjusted for age,
sex, and sedation status.

Classification accuracy of functional
connectivity and structural measures
was assessed by plotting receiver oper-
ating characteristic curves. Of the struc-
tural classifiers considered (23,24),
overall DWI and overall FLAIR scores
had the highest predictive accuracy and
were therefore compared with the most
discriminative resting state functional
MR imaging classifiers, which were
DMN within-network connectivity and
DMN-SN internetwork connectivity.
Correction for multiple comparisons
was performed by dividing the error
rate by the number of tests performed.

Study Subjects and Outcome

Between July 2007 and October 2013,
46 patients with CA and 48 healthy
age-matched  control  participants
(mean age, 40.85 years * 16.71; 22
men) were enrolled in three centers as
follows: Paris, 33 patients and 17 con-
trol participants; Clermont-Ferrand,
six patients and five control partici-
pants; and Liege, seven patients and
26 control participants. After CA, pa-
tients underwent MR imaging at mean
12.57 days = 5.65. At 12 months, 11
patients (23.9%) had an FO (cerebral
performance category score, 1-2) and
35 patients (76.1%) had an unfavor-
able outcome (cerebral performance
category score, 3-5). Significant differ-
ences between outcome groups were
age (FO group younger, P = .025),
presenting with rhythm of ventricular
fibrillation (more common in the FO
group, P = .038), and out-of-hospital
CA (more frequent in the FO group,
P = .044). Patient characteristics are
detailed in Table 1.
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Structural MR Imaging Analysis and
Motion

Brain MR imaging morphologic ratings
are provided in Table 2. FLAIR and DWI
scores were significantly higher in the pa-
tients with an unfavorable outcome com-
pared with the patients with FO in all re-
gions. However, the Fazekas scores were
not different between groups. There was
no statistically significant difference in
head motion root mean square values
between the control (root mean square
value, 0.12) and anoxia (root mean
square value, 0.08) groups (P = .49).

Functional Gonnectivity

Representative resting-state blood oxy-
gen level-dependent maps in a control
participant and in a patient with FO
and unfavorable outcome are shown in
Figure 1.

Patients control  partici-
pants.—Connectivity matrices that dem-
onstrate within-network connectivity and
between-network connectivity in patients
and control participants are shown in
Figure 2a and 2b. Mean within-network
connectivity values in patients were re-
duced in all networks (Fig 3), but after
correction for multiple comparisons this
difference remained significant only for
the DMN (P = .002). Between-network
connectivity (ie, the anticorrelation) was
also reduced in patients versus control
participants (Fig 4); the anticorrelation
of SN-DMN and SN-ECN were signifi-
cantly lower in patients compared with
control participants (P < .001 and .02,
respectively).

Patients with favorable versus unfa-
vorable outcome.—Connectivity matri-
ces showing within-network connectiv-
ity and between-network connectivity
in patients with FO and patients with
unfavorable outcome are provided in
Figure 2¢ and 2d. Within-network con-
nectivity was higher in all networks of
patients with FO but only DMN re-
mained significant after correction (P =
.002; Fig 3). Between-network connec-
tivity (ie, the anticorrelation) of DMN-
SN and of ECN-SN were significantly
higher in the FO group after correction
(P < .001 and .002, respectively; Fig
4). The higher within-network connec-
tivity in the DMN in patients with FO

versus

Clinical Characteristics of Patients Enrolled in the Study

Parameter All Participants FO Unfavorable Outcome P Value

No. of subjects 46 1 35

Mean age (y) 49.46 (17.19) 38.09(18.66)  53.03 (15.28) .025

No. of men 32 (69.56) 9(81.81) 23 (65.71) 46

No. of out-of-hospital CAs 35 (76.08) 11 (100) 24 (68.57) .044

No. with ventricular fibrillation 20 (43.47) 8 (72.72) 12 (34.28) .038

Mean time to ROSC (min) 34.7 (26.8) 43 (45) 32.1(17.7) .61

No. with therapeutic 39 (84.78) 8 (72.72) 31 (88.57) 14
hypothermia

Median GCS* 5.6 (3-9) 6(3-9) 5(3-7) .37

No. with presence of pupillary reflex 34 (73.9) 8(72.7) 26 (74.2) 1.00

Mean time from CA to MR 12.57 + 5.65 12.55 + 6.47 1257 £ 547 .99
imaging (d)t

No. who underwent sedation during 14 (30.43) 4 (36.36) 10 (28.57) Nl
MR imaging

Mean length of stay in ICU (d) 19.55 +10.67 19.09 =1049  19.7 =10.88 .91

Note.—Unless otherwise indicated, data in parentheses are percentages. ROSC = return of spontaneous circulation, GCS =

Glasgow coma scale, ICU = intensive care unit.
* Data in parentheses are range.
T Data are =+ standard deviation.

remained significant after adjusting for
age, sex, and sedation status (P =.002).
Similarly, the higher between-network
connectivity of DMN-SN and of ECN-
SN in patients with FO remained sig-
nificant after this adjustment (P < .001
and P = .02, respectively).

Classification  accuracy.—Receiver
operating characteristic curves for pre-
diction of 1-year functional outcome
were plotted by using structural and
functional connectivity MR imaging
measures (Fig 5). Between-network
DMN-SN connectivity (ie, the anticorre-
lation) was the most accurate predictor
with an area under the curve of 0.88,
higher than intrinsic DMN connectivity
or composite DWI or FLAIR scores (re-
spective areas under the curve of 0.73,
0.71 and 0.74).

The results demonstrate that abnor-
malities in long-range connectivity oc-
cur within and between canonical brain
networks in the acute phase of anoxic
brain injury, and these abnormalities
are associated with long-term functional
outcome. The link between functional

connectivity and outcome was observed
even after adjustment in multivariable
models and improved classification com-
pared with postanoxic structural chang-
es appreciated by using morphologic ac-
quisition sequences (FLAIR and DWI).
Connectivity differences between groups
were observed in a graded fashion from
control participants to FO to unfavor-
able outcome (Figs 2, 3), a pattern that
has biologic plausibility and supports
our hypothesis of large-scale network
dysfunction in anoxic brain injury. Taken
together with our earlier work that iden-
tified structural damage in central white
matter tracts as a predictive variable
(11,20) and impaired DMN activity (12)
in CA survivors, these data suggest that
anatomic and functional disconnection
occurs early after CA and could repre-
sent a biomarker of recovery potential.
The relationship between the acute
phase of CA, anoxic brain injury, and
resting-state  functional MR
network connectivity has been consid-
ered in other studies (29-31). By using
a graph theoretical approach to resting-
state functional MR imaging data in 17
coma patients (of whom 12 presented
after CA, MR images obtained at 3-16

imaging
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Table 2

Brain MR Imaging Morphologic Scores

Parameter Patients with FO Patients with Unfavorable Outcome PValue
Overall score 12.8 £ 8.2 325+ 184 .0001
Cortex score 89+49 15.8 = 8.7 .0025
DGN score 29 +39 92 +6.3 .0005
Cortexv and DGN score 1877 249 £ 137 .0003
DWI score 73+46 179 = 11.3 .0001
FLAIR score 55+ 4.1 146 = 85 .0001
Fazekas score

PYWM 1.18 = 0.6 1.2+07 .83
DWM 0.90 = 0.5 0.94 +0.8 .87
Total 2.09+1.0 217 =14 .84

Note.—Data are + standard deviation. DGN = deep gray nuclei, DM = deep white matter, PYWM = periventricular white

matter.

Figure 1

control

Figure 1:

favorable

unfavorable

Representative DMN resting blood oxygen level-dependent maps in a control participant (left),

patient with FO (middle), and a patient with an unfavorable outcome (right) overlaid onto axial standard
Montreal Neurological Institute template (z score, 46). The posterior cingulate (MNI: 45, 37, 49) was seeded
and voxels with Pearson correlations greater than 0.6 are shown in red—yellow.

days), Achard et al (29) found that al-
though global network measures were
largely the same between patients and
healthy control participants, significant
differences were reported in properties
of individual cortical nodes, with highly
connected nodes (ie, hubs) in control
participants noted to be nonhubs in pa-
tients, and vice versa. Of note, this study
did not examine specific networks, and
therefore the relationship between net-
work characteristics and outcome was
not determined. In 13 patients studied
1-6 days after CA, Norton et al (31)
found that DMN activation and connec-
tivity was preserved in the two patients

who regained consciousness at 3 months,
whereas DMN activity could not be iden-
tified in the 11 patients who remained
unconscious. In a study of 17 patients
who underwent resting-state functional
MR imaging 4-7 days after CA, Koenig
et al (30) reported decreased DMN con-
nectivity compared with healthy control
participants and an association between
cerebral performance category at dis-
charge and precuneus and posterior cin-
gulate cortex connectivity. In a separate
study of patients with trauma and anoxic
coma (14 and 13 patients, respectively),
PCC connectivity with brain areas that
normal synchronized with the PCC was

significantly disrupted (32). Similarly, a
recent coordinate-based meta-analysis
(12) of resting-state neuroimaging stud-
ies acquired in patients with disorders
of consciousness demonstrated signif-
icantly reduced activity in nodes of the
DMN. Here, we extended these previous
findings via an analysis of higher-order
intrinsic brain networks (DMN, DAN,
ECN, SN) that considers both intra-net-
work (ie, within-network) connectivity
and inter-network (ie, between-network)
connectivity properties; moreover, we
evaluated functional outcome at 1 year in
survivors. Our finding of decreased func-
tional connectivity in the DMN in patients
with CA compared with control partic-
ipants is consistent with previous work
(30,31,33). In addition, we demonstrated
diminished functional connectivity in two
other intrinsic networks (SN and ECN)
and loss of normal SN-DMN and SN-ECN
anticorrelations, which was consistently
observed in healthy participants. When
patients with unfavorable outcome were
compared with those with FO, they had a
reduction in DMN connectivity and a loss
of SN-DMN and SN-ECN anticorrelation
that remained significant even after ad-
justment in a multivariable analysis.

The DMN is a distributed system
with nodes in the precuneus, posterior
cingulate cortex, thalamus, and medial
prefrontal cortex; whereas activation
within the DMN has not been consis-
tently mapped to a specific function, de-
activation of this system is reliably asso-
ciated with engagement in goal-oriented
tasks (34). Abnormalities of the DMN
have been detected in a range of neu-
rologic and psychiatric disorders and in
patients with disorders of consciousness
(33,35). The SN, in which the key nodes
are the anterior insula, presupplemen-
tary motor area, and dorsal anterior cin-
gulate cortex, integrates contextually im-
portant sensory, visceral, autonomic, and
attention inputs to generate appropriate
behavioral responses (36,37). Activity in
the SN is anticorrelated with the DMN
and the ECN, and it has been proposed
that one of the SN nodes, the dorsal an-
terior insular cortex, is a critical hub con-
trolling activation or deactivation of other
functional networks (38). In a study of
patients with traumatic brain injury,
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Figure 2:  Group connectivity matrices. Connectivity matrices of (a) control, (b) anoxia, (¢) FO, and (d)
unfavorable outcome groups. The z score normalized mean connectivity is shown within (diagonal of matrix) and
between (off-diagonal of matrix) networks. Positive values (toward red) denote positive correlations, negative
values (toward blue) denote negative correlations, and values near zero (green) denote absence of correlation.
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Figure 3:  Box-and-whisker plot shows connectivity strength within networks.
Bars represent z score normalized mean connectivity values in the canonical
networks of interest, comparing control participants, patients with CA with FO,
and those with unfavorable outcome. Error bars denote twice the standard error
of the mean. * Significant differences in group means.

the amount of white matter damage in
tracts that connect the anterior insula to
the presupplementary motor area and
to anterior cingulate cortex predicted
DMN function (39). We found that the

SN-DMN and SN-ECN anticorrelation
observed in healthy control participants
was significantly reduced in patients with
CA; furthermore, patients with an unfa-
vorable outcome had significantly reduced

SN-DMN and SN-ECN anticorrelated ac-
tivity when compared with patients with
FO. These findings are congruent with a
recent study from members of our group
in which partial preservation of between-
network anticorrelations clearly differen-
tiated between patients who remained
in a vegetative or minimally conscious
state from patients who had higher levels
of consciousness (35); however, distinct
from this latter investigation, which was
performed in the chronic phase after
brain injury, our study examined the
acute phase when decisions regarding
prognostication and therapeutic interven-
tion might have greater effect. In another
study (40) conducted in patients with
hemorrhagic stroke, loss of conscious-
ness was linked to decreased anticorrela-
tion between the DMN and the so-called
task-positive network (which includes
nodes in the SN). Collectively, these
observations support a model in which
connectivity of the SN and its ability to
regulate other networks could be a de-
terminant of coma emergence, and pos-
sibly a target for therapeutic interven-
tion. Certainly the role of the SN and its
substructures as major hubs which drive
neurologic function and disease states de-
serves investigation (41).

The results presented here of early
dysfunction involving multiple canonical
networks, and the link between these
acute changes and long-term post-CA
functional outcome, provide a meth-
odologic and conceptual framework for
future studies to be conducted in this
population. However, several limitations
must be recognized. First, sedation was
administered in a subset of patients to
limit motion artifact and to enhance pa-
tient safety during MR imaging. Seda-
tive and anesthetic agents have distinct
effects on synaptic transmission, cere-
bral metabolism, and blood flow, which
may modify blood oxygen level-depen-
dent signal responses that are the basis
for functional MR imaging (42). More-
over, recent work indicated that resting
functional connectivity measures may
change in varying degrees during seda-
tion and general anesthesia (43). The
use of sedation may have confounded
observed connectivity differences be-
tween patients with CA and healthy
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Figure 4:  Box-and-whisker plot shows connectivity strength between net-
works. Bars represent z score normalized mean connectivity strength between
networks of interest, comparing control participants, patients with CA with FO,
and those with unfavorable outcome. Error bars denote twice the standard error
of the mean. Significant differences in group means are denoted by asterisks.
DAN.DMN = DAN-DMN connectivity; DAN.ECN = DAN-ECN connectivity; DAN.
SN = DAN-SN connectivity; DMN.ECN = DMN-ECN connectivity; DMN.SN =
DMN-SN connectivity, ECN.SN = ECN-SN connectivity.

control participants (none of whom re-
ceived sedation); however, there was
no difference in the proportion of pa-
tients who underwent sedation when
FO and unfavorable outcome patient
groups were compared, and the use of
sedatives was adjusted for the multi-
variable model, hence it is unlikely that
connectivity differences noted between
those groups would be significantly con-
founded in this manner. A second po-
tential limitation relates to reliability of
the blood oxygen level-dependent signal
in the post-CA setting. Whereas im-
paired neurovascular coupling has been
reported in experimental models of
global cerebral ischemia (44), evidence
of such an effect in humans is limited.
Research is needed to explore this is-
sue as a potential confounding variable
in functional MR imaging inference. A
third limitation is that the small sample
size and heterogeneity precluded the
establishment of a clinically tractable
prognostic model. However, this was
not the primary objective of our study,
and longitudinal investigations conduct-
ed in appropriately powered cohorts are
needed to confirm these findings and
validate them in prediction systems that
could support clinical decision making.

In summary, when conducted in
the acute phase after CA, MR imaging
shows that preservation of resting-state
functional connectivity within the DMN
and between the default mode and SNs
are linked with a higher likelihood of
1-year functional recovery. The biologic
significance of these results, and their
validity in the clinical setting, merit fur-
ther investigation.
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