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Introduction—We hypothesized that the degree of preserved functional connectivity within the
DMN during the first week after cardiopulmonary arrest (CPA) would be associated with
functional outcome at hospital discharge.
Methods—Initially comatose CPA survivors with indeterminate prognosis at 72 hours were
enrolled. Seventeen CPA subjects between 4–7 days after CPA and 17 matched controls were
studied with task-free fMRI. Independent component analysis was performed to delineate the
DMN. Connectivity strength in the DMN was compared between CPA subjects and controls, as
well as between CPA subjects with good outcome (discharge Cerebral Performance Category or
CPC 1–2) and those with bad outcome (CPC 3–5). The relationship between connectivity strength
in the posterior cingulate cortex (PCC) and precuneus (PC) within the DMN with discharge CPC
was evaluated using linear regression.
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Results—Compared to controls, CPA subjects had significantly lower connectivity strength in
subregions of the DMN, the PCC and PC (p <0.0001). Furthermore, connectivity strength in the
PCC and PC was greater in CPA subjects with good outcome (n=8) than those with bad outcome
(n=9) (p <0.003). Among CPA subjects, the connectivity strength in the PCC and PC showed
strong linear correlations with the discharge CPC (p <0.005).
Conclusion—Among initially comatose CPA survivors with indeterminate prognosis, task-free
fMRI demonstrated graded disruption of DMN connectivity, especially in those with bad
outcomes. If confirmed, connectivity strength in the PC/PCC may provide a clinically useful
prognostic marker for functional recovery after CPA.
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Outcomes among cardiopulmonary arrest (CPA) survivors are typically poor, with
neurological deficits representing the leading cause of disability (1–5). Although specific
prognostic markers of bad outcome (death or chronic disorders of consciousness) have been
identified, at least half of initially comatose CPA survivors fall into an indeterminate
prognostic category (5, 6). Significant healthcare resources are expended on life-sustaining
therapies in this indeterminate group, many of whom will survive with disorders of
consciousness (5). While some CPA survivors regain functional independence, nearly half
of those who recover consciousness have chronic neurological and cognitive deficits known
as the “post-cardiac arrest syndrome (5, 7–9). An early prognostic indicator of neurological
outcome is needed to guide treatment of patients who currently fall into an indeterminate
prognostic category.
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Because injury related to CPA occurs largely on a neuronal scale, standard radiographic
techniques often demonstrate few abnormalities (10, 11). Since chronic disorders of
consciousness and cognitive dysfunction may be caused by disruption of cortical networks
(12–14), task-free fMRI, which measures functional connectivity by quantifying the
coherence of spontaneous fluctuations of blood oxygen level dependent (BOLD) signal
between specific regions (15–20), may better prognosticate among CPA survivors. Task-free
fMRI (also called resting state fMRI) has characterized a “default mode” network (DMN)
comprising the posterior cingulate cortex (PCC), precuneus (PC), medial prefrontal cortex,
and bilateral temporal-parietal cortices (20–22). There is a growing body of evidence that
coherent activity within this network plays a significant role in consciousness and cognition
(21–23).
We hypothesized that the degree of preserved functional connectivity within the DMN
during the first week after CPA would be associated with functional outcome at hospital
discharge.

METHODS
Regulatory Methods and Patient Consents
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The study was approved by the Queen's Medical Center (QMC) Institutional Review
Committee and the University of Hawaii Institutional Review Board. Written informed
consent was obtained from the surrogate decision maker of all CPA subjects and directly
from all control subjects participating in the study.
Participants
In-hospital and out-of-hospital CPA patients were identified by provider referral, screening
the hospital census, and review of the hospital Code Blue record. Between July 2010 and
May 2012, we screened 153 patients and enrolled 20 CPA subjects. Reasons for screen
failure are reported below (Figure 1). Two studies were terminated early due to respiratory
symptoms concerning for congestive heart failure exacerbated by flat positioning and one
study could not be completed because of scanner malfunction, therefore, only 17 CPA
subjects were included in the analysis. Seventeen healthy controls who had enrolled in other
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ongoing task-free fMRI studies and consented to data sharing were matched to the CPA
subjects by age range, sex proportion, race, and positive urine toxicology for
methamphetamine.
Inclusion criteria for CPA subjects were age 18 years or older, documented CPR for
spontaneous CPA with an initial rhythm of pulseless ventricular tachyarrhythmia, pulseless
electrical activity, or asystole, and coma (GCS ≤8) after return of spontaneous circulation.
Exclusion criteria were CPA due to trauma; known intracranial injuries such as brain tumor,
stroke, or intracerebral hemorrhage; patients who could not complete the outcome measure
due to anticipated transfer to another facility prior to hospital discharge; and patients with
anticipated withdrawal of life support due to pre-existing orders against life-sustaining
treatment. Because the goal was to select a population of patients with indeterminate
prognosis, patients with highly specific negative prognostic markers were excluded. These
exclusion criteria were: bilaterally absent cortical N20 responses on median nerve
somatosensory evoked potential (SSEP) testing, no motor response other than reflexive
posturing at 72 hours, presence of myoclonic status epilepticus, and/or absence of cranial
nerve reflexes (6).
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All data required for the Utstein Template for Resuscitation Research (24) were collected.
Decisions regarding induced hypothermia, revascularization therapy, independent
neurological consultation, additional diagnostic tests, or limitations to life-sustaining
therapies were made by the clinical team and followed hospital policies for hypothermia and
prognostication. Subjects treated with induced hypothermia therapy were rewarmed at least
24 hours prior to task-free fMRI. Cerebral Performance Categories (CPC) is the
predominant outcome measure in CPA research, and was determined for each CPA
participants on the day of discharge by one of the clinician-investigators, blinded to the taskfree fMRI results. CPC was dichotomized according to standard cut points into good
outcome (CPC 1–2) and bad outcome or death (CPC 3–5).
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QMC has an order set for induced hypothermia after CPA, which includes standard sedation
with propofol or fentanyl and midazolam infusions. After rewarming, the choice of sedative
is provider-dependent, but most providers continue to use propofol infusion for moderate-todeep sedation or bolus doses of fentanyl and midazolam for mild sedation. Sedative
medications and doses within 24 hours of the fMRI scan were recorded and qualitative depth
of sedation was a covariate in the analyses. We defined mild sedation as analgesic dose
fentanyl (≤50 mcg IV bolus) and/or anxiolytic dose midazolam (≤2 mg IV bolus), moderate
sedation as continuous infusion of propofol at procedural sedation doses (≤50 mcg/kg/min),
and deep sedation as continuous infusion of propofol at general anesthetic doses (>50
mcg/kg/min) according to Micromedex. No sedation was defined as no sedative medications
within 24 hours of the fMRI.
MRI Scanning
Task-free fMRI in CPA subjects was performed between hospital days 4–7 when the patient
was hemodynamically stable and no longer required MRI-incompatible devices. During
transport and scanning, patients were monitored by a dedicated neurological intensive care
unit (ICU) team. All subjects were scanned in a 3 Tesla Siemens Tim Trio scanner (Siemens
Neurocrit Care. Author manuscript; available in PMC 2014 August 18.
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Medical Solutions, Erlangen, Germany) using a 12-channel head coil. As an overview of the
MRI techniques, we obtained structural brain images and fMRI sequences at rest. The fMRI
data were then superimposed upon the structural images and aggregated. The aggregate
fMRI data were then processed to remove artifacts and separated into independent
components so the DMN could be visually identified. Once the DMN was identified for the
whole group, connectivity strength was determined for each subject and compared between
groups (CPA subjects versus controls, good outcome versus bad outcome) within this
network as an indicator of network integrity.
MRI included a 3-plane localizer (repetition time/echo time (TR/TE) = 20/5 ms; 1 average)
and a sagittal 3-D magnetization-prepared rapid gradient-echo (MP-RAGE) scan (TR/TE
inversion time = 2200/4.47/1000 ms; 1 average; 208 × 256 × 160 matrix) that was examined
for structural abnormalities and used to extract spatial normalization parameters. These
sequences were used to visually identify structural lesions and artifacts and to construct
spatial maps for superimposition of fMRI data.
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Eyes-closed task-free fMRI data were acquired using an in/out spiral acquisition sequence
(TR/TE=2000/30 ms, 5 mm thickness, 30 axial slices, 642 matrix, 22 cm FOV, 156 time
points, 5.2 minutes per scan) (25). Subjects and controls were instructed to remain awake
with their eyes closed during the duration of the scan. To ensure usable scanning data, each
patient had 2 task-free fMRI scans during the same session. Images were reconstructed
using in-house software and then submitted to FMRI of the brain Software Laboratory (FSL,
www.fmrib.ox.ac.uk/fsl) for movement assessment and conversion to Neuroimaging
Informatics Technology Initiative (NIFTI) format (26). Scans with movement exceeding 1
mm or 1 degree were rejected from further analysis. Additionally, the first 5 volumes of
images submitted to subsequent analysis were removed to ensure MR signals were stable.
Of the 2 task-free fMRI scans collected per patient, we selected the scan with less movement
for subsequent analyses. Within Statistical Parametric Mapping 8 (SPM8,
www.fil.ion.ucl.ac.uk/spm), each subject’s task-free fMRI data were co-registered to their
structural image. Then, parameters for spatial normalization to the Montreal Neurological
Institute 152 (MNI152) atlas were extracted from each subject’s anatomical image and
applied to the task-free fMRI images which were then smoothed with an 8 mm full width at
half maximum (FWHM) isotropic kernel.
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Subjects’ smoothed and normalized images were submitted to group independent
component analysis (ICA) within the Group ICA of fMRI Toolbox (GIFT) (27). ICA allows
identification of independent, low frequency brain networks for visual identification of the
DMN within the entire group of controls and CPA subjects. The number of independent
components (IC) was constrained to 20, which is the default setting for GIFT and is
consistent with prior publications for the DMN (28, 29). We chose 20 ICs since no
difference in the DMN was found when the number of ICs was increased to 32 (30), and
fewer ICs would avoid separating networks into subnetworks.
Following identification of the DMN, component images for the control and CPA subject
groups were analyzed independently with a within-group 1-sample t-test in SPM8. Betweengroup comparisons were performed using a 2-sample t-test and an additional analysis with
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subject age as a covariate was performed to account for potential age effects between the 2
groups. For the good versus bad outcome contrasts, 2-sample t-test analyses were performed
both with and without the level of sedation as a covariate. All analyses were constrained
with a DMN mask, which was first visually identified by comparison to previously defined
DMN maps (28, 29). Subsequent analyses of the DMN were constrained by an SPM8generated mask that included only contiguous voxels within the DMN that were above
threshold (t=10).
The connectivity strength within the identified DMN was then calculated. Connectivity
strength is a measure of coherence of spontaneous fluctuations in BOLD signal within a
time series. Since brain regions with highly correlated time series are assumed to belong to
the same network, connectivity strength represents a measure of functional network
integrity. Mean DMN connectivity strength was extracted from a 27 voxel (3 mm3 voxels)
region of interest (ROI) centered on 3 local maxima that showed the most significant group
differences in the CPA subjects with good outcome versus bad outcome. Connectivity
strength from these 3 regions was regressed against the discharge CPC score in each CPA
subject.
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RESULTS
Subjects
For demographic information, see Table 1. The CPA subjects were 55±17.9 years old and
included 14 (82%) men, 7 (41%) Asians, 5 (29%) whites, 3 (18%) Filipinos, and 2 (12%)
Native Hawaiians. Thirteen (76%) of the CPA subjects had out-of-hospital CPA, and three
(18%) had positive urine toxicology for methamphetamine. The initial rhythm was
ventricular fibrillation or ventricular tachycardia in 9 subjects (52.9%), asystole in 5 subjects
(29.4%), and pulseless electrical activity (PEA) in 3 subjects (17.6%). Fifteen (88%)
subjects received induced hypothermia for 24 hours. Median admission Glasgow Coma
Scale (GCS) score was 4 and median admission Full Outline of UnResponsiveness (FOUR)
score (31) was 6. The 17 control subjects had similar characteristics (Table 2).
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Although all CPA subjects were comatose (GCS ≤8) at the time of enrollment, 11 had
improved to GCS >8 at the time of the MRI scans (Table 1). The interval between
enrollment and task-free fMRI ranged from 1–6 days (mean 3). At the time of task-free
fMRI, the GCS was 8.9 ±3.2 (median 9, range 3–14). No sedation was given within 24 hours
of task-free fMRI in 10/17 subjects (58.8%). Mild sedation (total doses of midazolam 2–5
mg IV or fentanyl 50 mcg IV) was given within 24 hours of task-free fMRI in 5/17 subjects
(29.5%) and moderate sedation (propofol 25–35 mcg/kg/min) in 2/17 subjects (11.8%).
Three subjects (18%) died prior to hospital discharge. In all cases, death occurred due to
withdrawal of life sustaining measures because of prolonged unconsciousness. Among the
14 survivors, 9 (64%) were discharged home, 1 (7%) was discharged to an acute
rehabilitation hospital, and 4 (29%) were discharged to skilled nursing facilities. Among
survivors, discharge CPC 1 occurred in 4 subjects, CPC 2 in 4 subjects, CPC 3 in 5 subjects,
and CPC 4 in 1 subject. Using the dichotomized CPC cut point, good outcome (CPC 1–2)
occurred in 8 subjects and bad outcome (CPC 3–5) occurred in 9 subjects.
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Structural MRI (MP-RAGE) scans were examined and none of the subjects had structural
lesions. Both controls and CPA subjects showed the typical DMN including bilateral PCC (p
<0.00001), PC (p <0.00001), middle temporal gyrus (controls: p<0.00001, CPA subjects:
p<0.001), and superior and medial frontal gyri (controls: p<0.0001, CPA subjects: p<0.003).
Connectivity was significantly lower in CPA subjects in a 1293 voxel cluster within the
PCC (p<0.008) (Table 3). Due to a trend for younger age in the control group (46.8±9.8 vs.
55±17.9 years, p= 0.075), an additional between-group analysis was performed including
age as a covariate (Figure 2). The effect of age was minimal, with the CPA subjects showing
lower connectivity than controls in the same brain region (cluster size: 1265 voxels, p
<0.0001) (Table 3, Figure 2).
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CPA subjects with good outcome (CPC 1–2) had an intact DMN that included PCC and PC
(p<0.00001), temporal and parietal regions (p<0.00001), left insula (p<0.0002), and left
superior frontal gyrus (p<0.003) (Table 3, Figure 3A). In contrast, CPA subjects with bad
outcome (CPC 3–5) showed above threshold connectivity only in the PC and PCC regions
(p<0.00001) (Table 3, Figure 3B). Subjects with bad outcome showed lesser connectivity
than those with good outcome in the PCC region (cluster size 1449 voxels, p<0.001). When
sedative medication was included as a covariate in the analysis, subjects with bad outcome
showed even lower connectivity than those with good outcome (cluster size: 2540 voxels,
p<0.0001) (Table 3, Figure 3C).
Regression analyses of connectivity strength in the PC/PCC on non-dichotomized discharge
CPC score demonstrated a strong linear association (Figure 4). Linear regression of mean
connectivity strength in selected ROIs against the discharge CPC accounted for 48% of the
variance in the left PC (p <0.002) and 66% and 42% of the variance in the 2 right PCC ROIs
(p<0.0001 and p<0.005 respectively) (Figure 4).

DISCUSSION
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These data demonstrate disruption of functional connectivity within the DMN in CPA
survivors who were initially comatose and had indeterminate prognosis at the time of
enrollment. Taken as a group, CPA survivors had diminished connectivity within the DMN
compared to controls with similar age, sex proportion, race, and methamphetamine use.
Among CPA subjects, those who survived with severe neurological deficits or who died
from withdrawal of life-sustaining therapies after prolonged unconsciousness had severely
disrupted or absent connectivity within the DMN compared to CPA survivors with good
outcomes. In brain regions that showed the greatest group differences, PCC and PC
components of the DMN, connectivity strength was associated with discharge functional
outcomes.
We enrolled too few subjects to calculate sensitivity and specificity and the association
between connectivity strength and functional outcome was imperfect. These findings require
validation in larger cohorts. If confirmed, task-free fMRI may ultimately have a
complementary role in prognostication for the significant number of CPA survivors with

Neurocrit Care. Author manuscript; available in PMC 2014 August 18.

Koenig et al.

Page 7

indeterminate prognosis according to current algorithms. A specific threshold of DMN
connectivity may further classify which patients will have good functional outcomes.
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These results are consistent with observational studies of task-free fMRI in patients with
chronic disorders of consciousness (23, 32, 33). In these series, patients with preserved
consciousness could often be distinguished from those in a persistent vegetative state by the
preservation of DMN connectivity (23, 33). One study found absence of DMN activity in 3
subjects in a persistent vegetative state (32). A larger series of non-communicative subjects
with chronic brain injuries (ranging from locked-in state to persistent vegetative state) found
an association between DMN connectivity and severity of neurological impairment (33).
They also found the strongest association between the extent of neurological injury and
functional connectivity in the PC/PCC (33).
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To date, only a single task-free fMRI study has been undertaken in 13 acutely comatose
patients with severe brain injuries after CPA (34). Similar to the present study, 11 subjects
with bad outcomes demonstrated absent or diminished DMN connectivity and 2 subjects
who recovered consciousness demonstrated relative preservation of DMN connectivity. This
prior study, however, included subjects with severe brain injuries who already had specific
prognostic markers of bad outcome – including burst-suppression EEG patterns and absent
cortical N20 responses on SSEP (34). The number of subjects with preserved DMN
connectivity and good functional outcomes was small, hence the additive prognostic value
of task-free fMRI was difficult to discern.
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Our study was designed to specifically examine DMN integrity within a select population of
CPA survivors who would be expected to have equal odds of good functional recovery or
survival with disorders of consciousness based on current guidelines (6). These guidelines
were based on studies prior to therapeutic hypothermia. More recent studies show
conflicting data on whether or not hypothermia alters the prognostic accuracy of clinical
findings, such as the motor exam (35–37). All but 2 of our subjects were treated with
hypothermia (Table 1), so the extent to which hypothermia altered the prognostic value of
task-free fMRI cannot be discerned. Amongst the 17 CPA subjects, 8 had significant
neurological recovery at the time of hospital discharge and the remaining 9 either died from
withdrawal of life sustaining measures after prolonged unconsciousness or survived with
severe neurological deficits. We excluded patients with highly specific prognostic markers
of bad neurological outcomes since established prognostic algorithms (6) already exist for
such patients. The majority of these patients ultimately die from withdrawal of life
sustaining measures. By excluding this population of CPA survivors, the study was designed
to largely avoid the problem of self-fulfilling prophecies that taint many studies of
prognostication in CPA survivors. Although 3 subjects ultimately died from withdrawal of
life sustaining therapies, transition to palliative care was only undertaken after prolonged
unconsciousness (13, 24, and 65 days).
One of the major limitations of this study was that, although all subjects remained comatose
(GCS ≤8) at the time of enrollment, 11 had further neurological recovery at the time taskfree fMRI was performed. The delay between enrollment and the MR scans was
unavoidable because we waited until the subjects were hemodynamically stable and all
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MRI-incompatible devices were removed prior to MRI. Ideally, all patients would remain
comatose at the time of the task-free fMRI, and therefore would continue to have equal
chances of good or bad outcome. None of the 6 patients with GCS ≤8 at the time of fMRI
had a good outcome (CPC 1–2) at discharge, so we could not test whether the association
between DMN connectivity strength and outcome was independent of the GCS. For this
reason, we cannot determine the additive value of fMRI to current prognostic algorithms
with this study alone. This important question will be evaluated by future studies.
Second, 7 CPA subjects required sedation before or during task-free fMRI. Although deep
sedation has been shown to reduce DMN connectivity, the dose of sedatives received by the
CPA subjects would not be expected to cause the observed degree of DMN disruption (38,
39). In fact, the subjects with lower GCS and greater disruption of DMN connectivity
required less sedatives during the task-free fMRI scans. Furthermore, when the category of
sedation was added to the multivariable logistic regression model, the association between
DMN connectivity and discharge CPC strengthened.
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Third, reduced DMN connectivity may be affected by a global hypoperfusion, which would
result in a proportionate reduction in BOLD signal. We did not perform perfusion or arterial
spin labeling sequences as part of the study protocol. PET scans of cerebral perfusion in the
subacute period after CPA, however, suggest that perfusion is more likely to be increased
rather than reduced in patients with severe hypoxic-ischemic encephalopathy due to loss of
cerebral vasomotor control (40).
Fourth, the timing of the discharge CPC assessment varied significantly between subjects
because of variable length of stay (Table 1). As expected, subjects with prolonged length of
stay all had bad outcomes so it is unlikely that the association between DMN connectivity
and outcome was significantly affected by length of stay. We cannot fully exclude, however,
that a subject discharged early in the bad outcome group might later improve to the good
outcome group. In future studies, using a standard outcome assessment interval would
address this problem.
Lastly, because of the high ratio of screened patients to enrolled subjects, the
generalizability of these results may be limited.
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Currently, aside from the clinical exam, sensitive and specific markers of good functional
outcome after CPA are lacking. A larger independent cohort of comatose patients with
indeterminate prognosis after CPA will be needed to determine whether task-free fMRI is
able to accurately predict which patients will recover consciousness. If these results are
confirmed with a high degree of prognostic accuracy, task-free fMRI could become an
important addition to established prognostic algorithms.
Although the structural MRI did not show visible lesions, functional disruption of network
activity within the DMN may be caused by microstructural injury associated with CPA.
Future studies to evaluate microstructural integrity of the DMN of these patients using
complementary techniques, including MR spectroscopy and diffusion tensor imaging are
also needed.
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Figure 1. Flow Chart of Study Enrollment

Selection process for CPA subjects and healthy control subjects
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Figure 2. DMN Connectivity in CPA Subjects Compared to Controls

A) average ICA maps of the DMN in 17 healthy controls, B) average ICA maps of the DMN
in 17 CPA subjects, and C) areas where the connectivity strength is significantly greater in
controls than CPA subjects, co-varying for age.
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Figure 3. DMN Connectivity in Good Outcome Compared to Bad Outcome

A) average maps of the 8 CPA subjects with "good outcome" (CPC 1–2), B) average maps
of the 9 CPA subjects with "bad outcome" (CPC 3–5), C) DMN areas where good outcome
subjects had greater connectivity than bad outcome subjects.
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Figure 4. DMN Connectivity in PC/PCC Correlated with Outcome

A) 3 local maxima of greatest difference between the 2 outcome groups, and B) regression
plots of CPC category and connectivity strength within each local maxima.
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Comparison between CPA Subjects and Controls

Age in Years (mean±sd)

CPA Subjects

Controls

p-value

55±17.9

46.8±9.8

0.107

14/17

15/17

1.000

Methamphetamine Use

3/17

3/17

1.000

Asian

7/17

6/17

0.864

White

5/17

7/17

Filipino

3/17

3/17

Native Hawaiian

2/17

1/17

Male Gender
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Brain Regions Showing Significant Group Differences
Brain region(s) in cluster

Talairach
coordinates
at local maxima
of the clusters
x,y,z (mm)

Cluster level

Correcte
d
p-value

# of
voxels

Voxel
level

T-score

Controls > Subjects
Right Posterior Cingulate (BA 23)

3, −37, 22

7.50

Left Posterior Cingulate (BA 23)

−9, −57, 13

Cingulate (BA 24)

0, −22, 34

4.92

Right Posterior Cingulate (BA 23)

3, −37, 22

7.41

Left Cuneus (BA 18)

−9, −70, 15

Posterior Cingulate (BA 24)

0, −22, 34

< 0.008

1293

5.40

Controls > Subjects, co-varying age

< 0.005

1265

5.95
5.17
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Good Outcome > Bad Outcome, co-varying sedation level
Left Precuneus, (BA 31)

−21, −67, 25

Right Precuneus (BA 7)

9, −58, 31

Cuneus (BA 18)

0, −70, 19

6.18
< 0.001

2540

5.59
5.28
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