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Objective: Understanding residual brain function in disorders of consciousness poses extraordinary challenges, and
imaging examinations are needed to complement clinical assessment. The default-mode network (DMN) is known to
be dysfunctional, although correlation with level of consciousness remains controversial. We investigated DMN activ-
ity with resting-state functional magnetic resonance imaging (rs-fMRI), alongside its structural and metabolic integrity,
aiming to elucidate the corresponding associations with clinical assessment.
Methods: We enrolled 119 consecutive patients: 72 in a vegetative state/unresponsive wakefulness state (VS/UWS),
36 in a minimally conscious state (MCS), and 11 with severe disability. All underwent structural MRI and rs-fMRI, and
a subset also underwent '8F-fluorodeoxyglucose positron emission tomography (FDG-PET). Data were analyzed with
manual and automatic approaches, in relation to diagnosis and clinical score.
Results: Excluding the quartile with largest head movement, DMN activity was decreased in VS/UWS compared to
MCS, and correlated with clinical score. Independent-component and seed-based analyses provided similar results,
although the latter and their combination were most informative. Structural MRl and FDG-PET were less sensitive to
head movement and had better diagnostic accuracy than rs-fMRI only when all cases were included. rs-fMRI indi-
cated relatively preserved DMN activity in a small subset of VS/UWS patients, 2 of whom evolved to MCS. The integ-
rity of the left hemisphere appears to be predictive of a better clinical status.
Interpretation: rs-fMRI of the DMN is sensitive to clinical severity. The effect is consistent across data analysis
approaches, but heavily dependent on head movement. rs-fMRI could be informative in detecting residual DMN
activity for those patients who remain relatively still during scanning and whose diagnosis is uncertain.
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Disorders of consciousness (DOC) encompass a spec- Diagnosis, prognosis, and planning of rehabilitation in
trum of conditions ranging from coma, vegetative patients with DOC remain challenging.1 The clinical
state/unresponsive wakefulness state (VS/UWS), mini- assessment of residual consciousness at the bedside is dif-
mally conscious state (MCS) to severe disability (SD). ficult particularly between VS/UWS and MCS, and there
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TABLE. Summary Demographic and Clinical Data
No. Etiology Age, yr Sex, M/F Disease CRS-R
Duration, mo
100% of ALL 119 36/41/42 52 (19-83) 71/48 26 (2-252) 7 (3-22)
VS/USW 72 19/18/35 52 (21-79) 48/24 26 (3-252) 6 (3-8)
MCS 36 13/18/5 47 (21-83) 16/20 40 (7-209) 10 (7-16)
SD 11 4/512 54 (19-67) 714 12 (2-41) 18 (14-22)
75% of ALL 89 25/31/33 54 (19-83) 53/36 26 (2-209) 7 (3-22)
VS/UWS 57 13/16/28 55 (21-79) 39/18 26 (3-146) 6 (3-8)
MCS 23 9/10/4 47 (21-83) 9/14 46 (7-209) 9 (7-16)
SD 9 3/5/1 54 (19-67) 5/4 9 (2-41) 20 (14-22)
100% of ALL with PET 85 26/31/28 52 (19-83) 47138 30 (3-252) 7 (5-22)
VS/UWS 49 12/14/23 52 (21-79) 30/19 25 (5-252) 7 (5-8)
MCS 30 12/15/3 47 (21-83) 13/17 40 (7-209) 10 (7-16)
SD 6 2/212 52 (19-66) 4/2 14 (3-31) 18 (14-22)
75% of ALL with PET 62 18/22/22 53 (19-83) 34/28 30 (3-209) 7 (5-22)
VS/UWS 39 8/12/19 53 (21-79) 25/14 26 (5-1406) 6 (5-8)
MCS 18 8/8/2 52 (21-83) 6/12 42 (7-209) 10 (7-16)
SD 5 2/2/1 50 (19-60) 3/2 12 (3-31) 18 (14-22)
Etiology is reported as traumatic/vascular/anoxic (No.). Age, disease duration, and CRS-R scores are given as median (range).
“75%” denotes the subgroup corresponding to exclusion of the quartile with largest head movement during resting-state functional
magnetic resonance imaging scanning; “with PET” denotes the subgroup of patients for whom '*F-fluorodeoxyglucose-PET data
were available.
CRS-R = Coma Recovery Scale-Revised; F = female; M = male; MCS = minimally conscious state; PET = positron emission
tomography; SD = severe disability; VS/USW = vegetative state/unresponsive wakefulness state.

remain difficulties in determining antemortem the loca-
tion, type, and severity of central nervous system pathol-
ogy causing DOC in single patients.z_G

Neuroimaging methods complement clinical diag-
nosis and neurophysiological investigations for assessing
residual consciousness and cognitive function. Magnetic
resonance imaging (MRI) is the preferred method to vis-
ualize the location and extent of damage to the cortex,
midbrain, and upper brainstem. Depending on etiology,
structural imaging shows heterogeneous lesion patterns
including diffuse axonal injury, multifocal cortical contu-
sions, and thalamic damage. The potential of structural
MRI (sMRI) in the study of DOC has been less thor-
oughly investigated, although advanced MRI techniques
such as diffusion tensor imaging (DTI) have been used
to differentiate VS/UWS from MCS.”

Key advances in understanding DOC have come
from '®F-fluorodeoxyglucose positron emission tomo-
graphy (FDG-PET). FDG-PET studies in resting-state
conditions decrease  in

demonstrated  considerable

brain metabolism in DOC, namely, medial and lateral

frontoparietal associative cortices are the most hypometa-
bolic areas in VS/UWS and have better preserved metab-
olism in MCS.>*'% Recent studies have confirmed that
metabolic integrity can disentangle VS/UWS from MCS
patients with good accuracy and predict clinical
outcome.' !?

To extend PET findings, functional MRI has been
applied in resting-state conditions and during active
tasks. Resting-state functional MRI (rs-fMRI) reveals
multiple cortical networks of synchronized activity. One
of these networks is known as the default-mode network
(DMN), which encompasses the precuneus, lateral parie-
tal cortex, and mesial prefrontal cortex. It subserves
large-scale integrative processes related to mind wander-
ing, memory consolidation, and awareness. >

The DMN activity, plausibly alongside all other
cortical networks, is absent in brain death and irreversible
coma but can be partially preserved in VS/UWS.'*! In
MCS, the DMN is somewhat stronger than in VS/UWS,
but severely impaired compared to healthy sub-
jects.'®1??! Recently, it has been shown that preservation
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of functional connectivity between frontal and parietal
DMN regions is a significant marker for recovery from
coma after 3 months.*?

Although in some domains rs-fMRI is capable of
attaining rather high diagnostic accuracy levels,>>~% its
clinical value in DOC remains unclear. rs-fMRI is highly
sensitive to head movement, and DMN detection crit-
ically depends on data filtering choices.”® Yet, although
active techniques such as mental imagery have very high
specificity for conscious awareness, rs-fMRI may deliver
increased sensitivity to residual brain activity given that it
does not require active patient compliance. To date, only
few studies have reported correlation with the clinical
signs of consciousness as measured by the Coma Recov-
ery Scale—Revised (CRS-R) scale,'®" and to our knowl-
edge no study has detected statistically significant
differences in DMN activity between VS/UWS and
MCS at the group level. In addition, these findings relate
to relatively small patient samples (approximately 14-25
cases), with few exceptions (eg, Demertzi et al,%” with 53
DOC patients), and generally the patients included were
on average in subacute phase.'® "

Here, we investigated the association between
DMN integrity and consciousness level represented as
diagnosis (VS/UWS, MCS, or SD) and clinical assess-
ment (CRS-R scores) in 119 DOC patients with disease
duration on average >2 years. An element of novelty is
that DMN integrity was assessed multimodally: (1) func-
tionally, based on independent component analysis (ICA)
and seed-based analysis (SBA) of rs-fMRI, rated both
automatically and visually by expert operators; (2) ana-
tomically, based on visual ratings of anatomical damage
in the DMN regions, as visualized by conventional MRI
scans; and (3) metabolically, based on average FDG
uptake measures in the DMN regions.

Subjects and Methods

Participants

Adult DOC patients, who underwent a 1-week program of
multidisciplinary assessment during 2011-2013 at the Coma
Research Center (CRC) of the Fondazione IRCCS Istituto
Neurologico “Carlo Besta”, Milan, Italy, were enrolled prospec-
tvely. The study was approved by the institutional ethics com-
mittee of the CRC. rs-fMRI was performed in 119 of the 153
consecutive DOC patients admitted during the study period;
data from all these patients were included in the present analy-
ses. A subgroup of 85 patients also underwent FDG-PET at the
Fondazione IRCCS Ca’ Granda Ospedale Maggiore Policlinico,
Milan, Italy. Demographic and clinical characteristics are
reported in the Table. According to the Aspen criteria,”® 72
patients were clinically classified as VS/UWS, 36 as MCS, and
11 as SD. Etiology included 42 anoxic brain injury, 41 vascular
brain injury, and 36 traumatic brain injury; median discase
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duration was 26 months (range = 2-252, >12 months for 92
cases); and median age was 52 years (range = 19-83).

Patients were assessed with the Italian version of the
CRS-R*7% cach patient was independently assessed 4 times by
experienced raters, and the best response was used to establish
the final value.

A group of 33 healthy participants (median age = 39
years, range = 17-66) with no history of neurological deficits

26

. 6 . .
was recruited as controls.”® Written informed consent was

obtained from patient guardians and healthy participants.

MRI Data Acquisition

Scanning was performed on a 37T scanner with a 32-channel
head coil (Achieva TX; Philips Healthcare, Best, the Nether-
lands). The following structural images were acquired: volumet-
ric magnetization-prepared rapid acquisition gradient echo
(MP-RAGE), sagittal T;-weighted turbo spin echo (TSE) inver-
sion recovery (IR), axial T,-weighted TSE, and coronal fluid-
attenuated inversion recovery (FLAIR); except for the volumet-
ric series, in-plane resolution was ~0.9mm with 4mm slice
thickness. For rs-fMRI, 200 gradient-echo echo-planar image
volumes were acquired with repetition time = 2.8 seconds,
echo time = 30 milliseconds, & = 70°, 2.5mm isotropic voxel
size, 90 X 95 matrix size, 50 slices with 10% gap, and ascend-
ing order. Sequence duration was ~9.5 minutes. When patient
posture allowed, the head was restrained using foam pillows,
and a knee wedge was positioned to minimize spine movement

and discomfort. Sedation was never performed.

rs-fMRI Data Preprocessing

A preprocessing pipeline including standard modules imple-
mented in SPM8 (Wellcome Trust Centre for Neuroimaging,
London, UK) and custom code developed in MATLAB 7
(MathWorks, Natick, MA) was used.?® Tt consisted of spatial
realignment, slice-timing correction, and normalization to 2mm
Montreal Neurological Institute space by coregistration to the
individual T1 structural scan and subsequent segmentation and
normalization. Manual censoring of movement-affected seg-
ments was performed, leading to rejection of 1 or more vol-
umes in 42 patients (median number of rejected volumes =
38). Movement-related variance was removed by multilinear
regression, with 3rd-order polynomial detrending and 0.1Hz
low-pass filtering. Residual global signal fluctuations were

regressed out, and 8mm smoothing was applied.

ICA

ICA was performed independently for each participant, using
the group ICA of fMRI toolbox (GIFT; MIALab, University of
New Mexico, Albuquerque, NM) and a fixed number of 20
components,31 which were saved in z-rescaled format. To ena-
ble automatic rating of the DMN, the following steps were
applied: (1) a DMN mask was derived thresholding a statistical
group map (# > 5) computed over the control participants,
selecting the 3 posterior nodes (precuneus with extension to

posterior cingulate cortex [PCC], and lateral parietal cortex
[LPC]), whereas the medial frontal cortex (MFC) node was
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excluded, as its activity was weaker in our controls and gener-
ally in DOC patients,26 and thus rendered DMN identification
less reliable; (2) for each participant and component (thresh-
olded at z > 2), the proportion of suprathreshold voxels was
calculated separately for the left and right PCC and LPC and
averaged, then the percentage of suprathreshold voxels outside
the DMN mask was subtracted from each individual compo-
nent, and the difference map was thresholded at z > 0.20; and
(3) in the case there were no suprathreshold components, the
DMN map was zero-filled. After DMN identification using the
above procedure, to quantify PCC, LPC and MFC activity
(MEC included for measurement, although not for the DMN
identification), the proportion of z > 2 voxels was measured

L3
separately for each region.?

SBA

SBA was independently performed for 6 seeds, located in left
and right PCC, LPC and MFC. These were defined based on a
pre-existing DMN group map’” intersected with corresponding
Automated Anatomical Labeling atlas cortical regions (67, 68,
65, 66, 23, and 24).34 The mean time-course of each seed was
entered into a correlation analysis, and corresponding statistical
maps were thresholded at # > 4. For SBA, no automatic meas-
urements were performed, given that in many cases very strong
and diffuse, unspecific correlation was observed; hence, for this
technique expert inspection of the maps was essential to deter-
mine whether a DMN-related topographical pattern was

present.

rs-fMRI Visual Ratings

For each patient, rating was performed by 2 expert investigators
blind to all patient data. The component(s) visualizing DMN
activity were manually chosen from the 20 extracted by ICA.
Because DMN activity could split over 2 (left and right) ICA
components, up to 2 components could be chosen. Overall,
66% of patients had no identifiable DMN, 25% had DMN in
1 ICA component, and 9% had DMN in 2 ICA components.
During selection of the ICA component(s) showing DMN
activity, SBA maps were also visualized to increase operator
confidence. The DMN was then rated in 3 different manners
during separate sessions. First, the ICA map was considered
alone and a score of 0 or 1 was assigned to each node; for this
analysis, all scores were clamped to zero if no DMN compo-
nent could be identified in the previous step. Second, only the
6 SBA maps were considered and a score of 0, 0.5, or 1 was
assigned to each node; for this analysis, 0.5 was assigned if cor-
related activity was observed for a given node on 1 map only,
and 1 was assigned if it was visible on 2 or more maps. Third,
SBA and ICA were considered together; for this analysis, a score
of 0.5 was assigned to each node if correlated activity beyond
the PCC was visible on ICA and SBA maps. Across all sessions,
the operators searched for the presence of clear, well-defined
clusters of correlated activity resembling the known DMN
pattern established in controls; in particular, large clusters of cor-

related activity, without anatomical specificity, were disregarded.

Ratings were given independently by the 2 raters, then
reconsidered in cases of disagreement; they were thereafter
summed across nodes and averaged across the raters, yielding
for each patient 3 overall scores: ICA alone, SBA alone, and
ICA+SBA together. Inter-rater agreement was 92% for DMN
identification, and p = 0.80 for ICA, p = 0.94 for SBA, and
p = 0.90 for ICA+SBA.

sMRI Visual Rating

Two expert neuroradiologists blind to all patient data rated the
severity of gross anatomical and signal abnormality correspond-
ing to the expected DMN nodes location according to the fol-
lowing scale: 0 (severely damaged, ie, parenchyma obliterated
and/or intense, pervasive hyperintensity), 1 (recognizable but
distorted morphology and/or severe signal abnormality), 2
(moderate anatomical damage and/or signal abnormality), 3
(mild anatomical damage and/or signal abnormality), and 4
(normal-appearing). Ratings were given independently by the 2
raters, and reconsidered in cases of large disagreement; the
scores were then averaged together. Inter-rater agreement was p
= 0.88.

FDG-PET Data Acquisition and Analysis
Scanning was performed on a Biograph Truepoint 64 PET/CT
scanner (Siemens, Erlangen, Germany). Patients rested in a
quiet, dimly lit room during FDG uptake (140 *= 30MBq) for
at least 40 minutes. Each acquisition included a transmission
scan followed by a 3-dimensional static emission for 15
minutes. PET sections were reconstructed using iterative
ordered-subset expectation maximization (6 iterations, 8 sub-
sets), corrected for scatter and attenuation, then reconstructed
to in-plane voxel size = 1.3mm, thickness = 3.0mm.
Standardized uptake value (SUV) maps were derived as
SUV = AC/(FDGdose/BW), where AC represents activity con-
centration in kilobecquerels per milliliter in a given voxel,
FDGdose is the injected radiotracer dose in megabecquerels
corrected for residual activity in the syringe, and BW is the
body weight in kilograms. SUV maps were thereafter coregis-
tered using SPM12 to individual volumetric T series, which
were segmented to generate the normalization deformation field
to be applied to the coregistered FDG-PET scan. The normal-
ized PET images were finally smoothed with a 10mm isotropic
Gaussian filter. Using the DMN mask derived from the con-
trols as described above for ICA analysis, the average SUV val-
ues for PCC, LPC and MFC were computed.

Voxelwise Group Map Analyses

Group-level analyses were performed using Statistical NonPara-
metric Mapping  (http://warwick.ac.uk/snpm), which imple-
ments a nonparametric multiple comparisons procedure based
on randomization/permutation.”® This was chosen as data were
not normally distributed due to the presence of zero-filled
DMN maps. We conducted separate analyses for ICA, SBA
(combining the maps from the left and right PCC via voxelwise
maximum), and FDG-PET. For each technique, we performed
(1) a correlation analysis with respect to diagnosis encoded as
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0: VS/UWS, 1: MCS, and 2: SD (after Vanhaudenhuyse
et al'®); (2) a correlation analysis with respect to the CRS-R
score; and (3) a group comparison between VS/UWS and
MCS.

Statistical Analyses

As indicated in the Table, statistical analyses were performed on
4 subsamples: (1) all patients (n = 119), (2) the 75% of
patients with smallest median frame-to-frame displacement as
obtained from rigid-body frame realignment (n = 89), (3) all
patients who underwent FDG-PET (n = 85), and (4) patients
from the second subsample who also underwent FDG-PET (n
= 62). This subdivision was necessary due to the uneven num-
ber of patients for whom MRI and PET data were available,
and to highlight rs-fMRI sensitivity to head movement; the
75% threshold was determined a priori in preliminary analyses,
blinded to the present data. As indicated below, this threshold
corresponds to median framewise displacement of about
0.3mm, which is moderately conservative according to the crite-
ria described in Power et al.**” This allows us to reject those
cases that in other studies would have likely been rejected out-
right due to excessive movement.

We considered the “entire DMN” combining scores (ie,
arithmetic averaging) of the MFC, PCC and LPC and sepa-
rately, the “posterior DMN” combining PCC and LPC, scores,
as correlated activity is weaker in MFC compared to the poste-
rior nodes.

We assessed the statistical association of the imaging
modalities (sMRI, rs-fMRI, and FDG-PET) with respect to the
VS/UWS and MCS diagnosis by means of a logistic regression
model. First, univariate logistic models were performed for each
predictor, that is, imaging modality (» < 0.05), then only the
significant variables were considered for the development of a
multivariate logistic regression model. A backward selection
procedure (p < 0.05) starting with the inclusion of all predic-
tors was used to eliminate nonsignificant predictors and to
identify a final parsimonious multivariate logistic model which
accomplishes the desired level of explanation with as few pre-
dictors as possible. From ecach final multivariate model, the
maximum likelihood estimator provided a score for each patient
that was used to estimate the area under a receiver operating
characteristics curve (AUC). AUC was used as a measure of
diagnostic discrimination for univariate and multivariate logistic
models; the equality of correlated AUCs were compared using
Stata’s roccomp command (v12; StataCorp, College Station,
TX).*®

Furthermore, correlations between the imaging scores and
the CRS-R score and between the level of structural damage
(sMRI) and the functional modalities (rs-fMRI, FDG-PET)
were assessed with nonparametric Spearman p (p < 0.05). To
estimate 95% confidence intervals, Fisher z-transformation and
Fisher bias correction were used. To assess the presence of
heterogeneity with respect to etiology (traumatic, vascular,
anoxic) and lateralization of DMN nodes (PCC, LPC, MFC),
a Q test was used (p < 0.05); to quantify the degree of hetero-
geneity, the P index was used.*®
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Results
Group Analyses

As shown in Supplementary Table 1, over the whole
sample (100% of ALL, n = 119), sMRI visual ratings of
anatomical damage predicted VS/UWS from MCS and
correlated moderately with CRS-R scores (up to p =
0.35). Conversely, none of the rs-fMRI measures was
sensitive to diagnosis, and correlations with CRS-R scores
were weak (p ~ 0.2). Excluding the quartile with largest
head movement (75% of ALL, n = 89), significant pre-
diction between VS/UWS and MCS appeared for almost
all rs-fMRI measures, with moderate correlation with the
CRS-R score (up to p = 0.35, see Supplementary Table
1). Of the 4 rs-fMRI measures considered, visual ratings
of SBA and ICA+SBA yielded the strongest results,
although all rs-fMRI measures were highly correlated (p
~ 0.85). Considering the subsample of patients who
underwent FDG-PET (100% of ALL with PET, n =
85), SUV values predicted VS/UWS from MCS, and led
to the highest correlation with the CRS-R score (p =
0.41); in this subsample, sMRI ratings maintained simi-
lar performance to the above, but rs-fMRI measures were
poorly informative. Excluding the quartile with largest
head movement and considering only the subsample of
patients who underwent FDG-PET (75% of ALL with
PET, n = 62), sMRI and FDG-PET measures slightly
diminished. Even if considering all DMN nodes or only
posterior regions led to similar results, correlation and
significance scores tended to be stronger for the posterior
nodes.

As visualized in Figure 1, voxelwise statistical analy-
ses suggested that ICA was superior to SBA, showing an
effect of diagnosis, and correlation with the CRS-R
scores was more clearly localized to the DMN nodes.
This result seems at odds with SBA visual ratings, which
yielded significant results (see Supplementary Table 1),
possibly for 2 reasons: visual ratings are guided by expert
heuristics, whereas voxelwise statistics may be more vul-
nerable to localization variability; and SBA visual ratings
were performed considering maps from all 6 seeds,
whereas voxelwise group maps were generated consider-
ing only the precuneus as seed. As regards FDG-PET,
voxelwise analyses of SUV maps delineated a broader set
of regions, which encompass the posterior DMN nodes;
whereas correlation with the CRS-R yielded a clear and
broader effect, comparison of MCS versus VS/UWS led
to a more constrained difference.

Figure 2 shows the diagnostic accuracy of each
modality, represented in its optimal conditions, following
the results reported in Supplementary Table 2, namely:
(1) sMRI and FDG-PET are relatively insensitive to head
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FIGURE 1: The integrity of the default-mode network, assessed with resting-state functional magnetic resonance imaging
(rs-fMRI) through independent-component analysis (ICA) and seed-based analysis (SBA), and additionally with '®F-fluorodeoxy-
glucose positron emission tomography (FDG-PET), correlates with clinically established level of consciousness. A left-lateralized
pattern is observed. Analyses were performed on 75% of ALL (n = 89) for rs-fMRI data, and on 100% of ALL with FDG-PET
(n = 85) for FDG-PET data. Top row: Nonparametric correlation with diagnosis, discretely encoded as vegetative state/unre-
sponsive wakefulness syndrome (VS/UWS), minimally conscious state (MCS), and severe disability. Middle row: Nonparametric
correlation with Coma Recovery Scale-Revised (CRS-R) scores. Bottom row: Pairwise comparison of MCS versus VS/UWS.
For display purposes, effects are thresholded voxelwise at puncorrectea < 0.005 for ICA, puncorrected < 0.05 for SBA, and at
Ptamilywise error < 0.05 for FDG-PET, and rendered on a canonical T1 brain volume. L = left; R = right. [Color figure can be

viewed in the online issue, which is available at www.annalsofneurology.org.]

movement, therefore they were assessed on all available
cases; (2) for sMRI and FDG-PET, results are consis-
tently stronger when only the posterior nodes are consid-
ered, therefore the posterior DMN was considered for
these techniques; and (3) for rs-fMRI, the visual rating
of ICA+SBA was chosen as it was the only predictor
retained by multivariate logistic regression with backward
prediction selection including all 4 rs-fMRI measures.
For rs-fMRI, the entire DMN was considered because
the frontal node was clearly involved in the group analy-
ses (see Fig 1), although the results were similar for the
entire DMN and the posterior DMN. Results show that,
although AUCs were modest, FDG-PET led to the best
classification accuracy between VS/UWS and MCS
patients (AUC = 0.75), followed by sMRI (AUC =
0.72) and by rs-fMRI (AUC = 0.65). Correlations with

CRS-R were moderate (0.31 < p < 0.41) and followed
a similar pattern. All modalities revealed significant dif-
ferences between VS/UWS and MCS.

Consideration of the logistic regressions and AUCs
for separating VS/UWS and MCS patients (see Supple-
mentary Table 2) revealed the following. First, Over the
entire population (100% of ALL, n = 119), sMRI was
significantly superior to rs-fMRI. Second, Excluding the
quartile with largest head movement (75% of ALL, n =
89), their performance was similar. Third, Considering
all patients who underwent FDG-PET (100% of ALL
with PET, n = 85), sMRI and FDG-PET had similar
performance and were clearly superior to rs-fMRIL. In
multivariate logistic regression, sMRI and FDG-PET
were retained in the model, but rs-fMRI was eliminated;

the performance of the multivariate model was
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FIGURE 2: Diagnostic accuracy of structural magnetic resonance imaging (sMRI), resting-state functional magnetic resonance
imaging (rs-fMRI), and '®F-fluorodeoxyglucose positron emission tomography (FDG-PET). (A) Receiver operating characteristic
(ROC) curves and corresponding area under the curve (AUC) highlighting significant differences between minimally conscious
state (MCS) and vegetative state/unresponsive wakefulness state (VS/UWS). (B) Scatterplot of correlation with Coma Recovery
Scale-Revised (CRS-R; Spearman rank-order p, over vegetative state/unresponsive wakefulness state [VS/UWS], MCS, and
severe disability [SD] patients). (C) Group differences between VS/UWS, MCS, and SD patients. Medians with interquartile
range are reported, with Mann-Whitney Z scores. *p < 0.05, **p < 0.01, ***p < 0.001. DMN = default-mode network; ICA =
independent component analysis; n.s. = not significant; SBA = seed-based analysis. [Color figure can be viewed in the online

issue, which is available at www.annalsofneurology.org.]

comparable to that of the single predictors (see AUCs).
Four, Excluding the quartile with largest head movement
and considering only the subsample of patients who
underwent FDG-PET (75% of ALL with PET, n = 62),
sMRI and rs-fMRI provided similar performance, and
FDG-PET was slightly superior to both. In multivariate
logistic regression, rs-fMRI and FDG-PET were retained
in the model, but sMRI was eliminated; the performance
of the multivariate model was comparable to that of the
single predictors (see AUCs).

Effect of Head Movement

Supplementary Table 3 shows the proportion of patients
in each group (VS/UWS, MCS, and SD) for whom
DMN  activity was detected, empirically defined as
on visual assessment of ICA+SBA,
corresponding to detection of correlated activity between

a score > 1

at least 2 DMN nodes. In the entire sample, head move-
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ment was largest for the MCS group, and rejection of
the top quartile or half with largest head movement had
the highest impact on this population (DMN detection
ratio increased from 36% to 83%). By contrast, for SD
patients the DMN was always detected, and for VS/
UWS patients the detection ratio remained relatively
stable.

For comparison, head movement was also calcu-
lated according to the well-accepted formula described in
Power et al,”” which includes rotations assuming a mean
distance of 50mm between cerebral cortex and head cen-
ter. Across all patients, this measure and the simple
median displacement here considered for excluding high-
movement cases were almost perfectly correlated (p >
0.99). The 75th percentile chosen as a threshold corre-
sponded to a median framewise displacement of about
0.3mm, which is moderately conservative according to
the criteria described in Power et al.>’
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Lateralization

Following the asymmetry visible in Figure 1, we con-
ducted additional analyses separately for the left and right
hemispheres, aiming to ascertain possible lateralization of
predictability of VS/UWS versus MCS (Supplementary
Table 4). Overall, left hemispheric integrity was more
strongly predictive of clinical status. Specifically, for
sMRI and FDG-PET, univariate logistic regressions indi-
cated that left and right hemispheres were both predic-
tive, but multivariate logistic regression retained only the
left. For rs-fMRI, the visual rating of ICA+SBA only
provided separate hemispheric scores for the LPC, and
only the left side was significantly predictive. We thus
also considered automated ICA rating (proportion of
suprathreshold voxels across MFC, PCC, and LPC) sepa-
rately for the 2 hemispheres; here too, only the left side
provided significant results.

As regards the single DMN regions, for sMRI and
rs-fMRI, the AUCs for separating VS/UWS from MCS
were generally left-lateralized among the PCC and LPC
considered separately and the overall DMN, but lower
for the MFC. For FDG-PET, lateralization in the sepa-
rate DMN regions was overall less evident.

Effect of Etiology

Despite limited numerosity for some patient subsamples,
we calculated separate AUC values for the 3 etiology
groups (traumatic, vascular, anoxic). The Q test and P
index did not reveal significant heterogeneity, indicating
that the modalities had comparable diagnostic power
irrespective of etiology. Nevertheless, for sMRI and rs-
fMRI, the AUC was consistently highest for anoxic, fol-
lowed by traumatic, and then by vascular etiology, across
the 4 subsamples (Supplementary Table 5).

As regards the relationship between structural dam-
age (sSMRI) and results of rs-fMRI, the correspondence
was strongest for anoxic etiology closely followed by trau-
matic etiology, and considerably weaker for vascular etiol-
ogy; for FDG-PET, the correspondence with sMRI was
also strongest for anoxic etiology, but here a graded effect
was observed, with weaker correlation for vascular fol-
lowed by traumatic etiology (Supplementary Table 6).

Clinical data as well as automatic and rating data
performed on sMRI, rs-fMRI, and FDG-PET are
reported in Supplementary Table 7.

Two Anecdotal Cases

Despite the above limitations, rs-fMRI may provide
important additional information complementing the
other modalities for some cases. Among patients clini-
cally diagnosed to be in VS/UWS, 7 of 72 had a score
> 2 for ICA+SBA visual rating, indicating high DMN

preservation. Of these, 2 are described in detail to exem-
plify cases where the other techniques do not provide
conclusive results, but the presence of a near normal-
appearing DMN could indicate residual brain activity,
motivating enhanced rehabilitation efforts. As limited
follow-up data are available, this is only reported as anec-
dotal evidence. Of the remaining patients, 4 had
remained stable and 1 had slightly deteriorated 2 years
after scanning.

Case 1 (55-year-old woman, alias VS/UWS_24 in
Supplementary Table 7) suffered a ruptured aneurysm,
had a disease duration of 23 months, and had a CRS-R
score of 6. Severe frontoparietal infarction, superficial
siderosis, and left-sided atrophy were evident on MRL
FDG-PET identified a markedly asymmetrical pattern,
with severe left hemisphere hypometabolism and relative
right hemisphere preservation. Electroencephalogram
(EEG) was markedly asymmetric, with slowed and
reduced amplitude activity on the left and predominant
theta activity on the right, and auditory cognitive evoked
potentials (auditory P300; auditory mismatch negativity
[MMN]) were present. rs-fMRI revealed a clear pattern
of correlated activity in DMN nodes. The integrity of
functional connections among bilateral precuneus, MFC,
and right LPC was concordantly confirmed by ICA and
SBA; by contrast, synchronized activity in the left LPC
was never detected, even when this area was considered
as SBA seed. Two years after scanning, the CRS-R visual
scale improved for presence of visual pursuit, and diagno-
sis was changed to MCS.

Case 2 (76-year-old man, alias VS/UWS_66 in
Supplementary Table 7) suffered postsurgical brain hem-
orrhage, had a disease duration of 15 months, and had a
CRS-R score of 6. Severe bilateral frontal atrophy, white
matter hyperintensity, and superficial siderosis were evi-
dent on MRI. FDG-PET identified severe hypometabo-
lism in the right frontal area and moderate left
frontoparietal hypometabolism. Symmetric EEG with
slowed and reduced amplitude activity and localized
interictal epileptiform activity was present, and auditory
cognitive evoked potentials (P300, MMN) were absent.
rs-fMRI  revealed correlated activity in all posterior
DMN regions, and this pattern was more evident with
SBA than ICA. As regards the medial frontal node, no
correlated activity was detected; when considering this
area as seed region, spurious clusters of correlated signal
appeared in the fornix and ventricles, plausibly due to
the non-neural physiological signal fluctuations often
observed in these regions. In conjunction with treatment
with amantadine, the patient improved for the presence
of visual pursuit and was diagnosed as MCS for approxi-
mately 1 year.
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Discussion

We investigated the integrity of DMN in relation to con-
sciousness with rs-fMRI in the largest group of DOC
patients studied so far, directly comparing rs-fMRI with
sMRI and PET. We confirm a significant relationship
between functional, anatomical, and metabolic integrity
of the DMN and clinical status, and provide additional
insight on the potential clinical contribution of each
technique.

rs-fMRI Analyses and Their Sensitivity to Clinical
Status

Our data show that DMN functional connectivity
strength differentiates MCS from VS/UWS patients,
correlating with the clinical status measured with CRS-
R, in line with other studies.'® Excluding patients with
largest head movement, all 4 rs-fMRI measures (auto
ICA, visual ICA, visual SBA, visual ICA+SBA) indi-
cated that greater correlated activity within the DMN
was associated with higher consciousness level. Although
SBA-ICA agreement is good overall, visual ratings of
SBA alone and ICA+SBA together yielded the strongest
statistical scores because considering multiple maps
allowed more confident and reliable assessment. We
therefore advise that, when possible, ICA and SBA
should be combined or multiple SBA seeds should be
considered. Notably, automatic and visual rating yielded
similar results, confirming that implementing in clinical
routine rs-fMRI based on expert visual assessment is
acceptable, although automated rating can be less
biased.

In our study, the DMN was identifiable in ~30%
of VS/UWS cases and in ~59% of MCS cases, ranging
from 36% to 83% depending on the number of patients
excluded for head movement, and always recognizable in
SD cases. However, attention was focused on VS/UWS
to determine whether patients show residual functional
activity and signs of consciousness. For cases where diag-
nostic classification is uncertain, evidence of synchron-
ized activity between anatomically distant nodes could
prompt more careful evaluation of the patient’s

condition.

Limited Overall Diagnostic Accuracy with
Potential Relevance for Some Individual Cases
The results of this study warn about the impact of move-
ment during rs-fMRI. In the favorable scenario of low or
no movement, rs-fMRI seems to have high sensitivity to
DMN activity; however, a sizable proportion of cases,
especially MCS patients, move during scanning (see Sup-
plementary Table 3), curtailing the diagnostic potential
of this technique. It is customary in studies in this area
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to focus on patients with acceptably low head movement,
rejecting outright cases where acquisitions cannot be per-
formed satisfactorily due to movement. Here, to accu-
rately represent clinical reality, we chose to include all
patients who could be scanned and a posteriori, blinded
to the clinical data, we removed those most affected by
movement. The overall diagnostic accuracy of rs-fMRI is
below accepted thresholds for consideration as a bio-
marker (AUC = 0.65). Univariate and multivariate
regression indicated that sMRI and rs-fMRI had compa-
rable diagnostic accuracy, and that the latter did not pro-
vide additional information. Nevertheless, rs-fMRI could
yield clinically impacting results for some individual cases
in which the VS diagnosis is uncertain. In a minority of
VS/UWS cases of our cohort, this network was clearly
identifiable in spite of mediocre or inconclusive results
from other modalities. In particular, 2 cases reported in
Figure 3 emerged from VS in the months following scan-
ning, suggesting that rs-fMRI evidence of preserved
synchronized activity may have some prognostic value.
This view is supported by a recent study showing that
the level of preservation of frontoparietal connectivity can
predict the clinical outcome of comatose patients at 3
months.”> We hypothesize that rs-fMRI might be useful
for detecting cases where additional diagnostics or
increased rehabilitation efforts may be motivated in light
of possible conversion to MCS. This question, however,
can only be answered via a follow-up study. In our cohort
of patients, evidence of association between DMN integ-
rity and clinical recovery was limited to 2 anecdotal cases,
and the recovery was quantitatively small, that is, evolu-
tion to MCS was only determined by the presence of vis-
ual pursuit. Here, only relatively small changes in clinical
status could be expected, given the long average disease
duration of this cohort. DMN integrity is neither a pre-
requisite for, nor a direct sign of consciousness'®2%; never-
theless, this network represents a fundamental property of
brain function whose relationship to consciousness has
repeatedly emerged under diverse conditions."

Although fMRI of active imagery tasks such as
playing tennis has low sensitivity due to cognitive and
compliance demands,'" its high specificity can have a
profound impact on clinical decisions in specific
cases.’®*® In respect to this approach, rs-fMRI of the
DMN represents a more indirect assessment of con-
sciousness, but plausibly has significantly higher sensitiv-
ity because it does not require any active cognitive
capability and for this reason can be employed with all
DOC patients. In patients without a clear behavioral
response, in particular those deemed to be in VS/UWS,
detection of residual DMN activity by rs-fMRI (which
generally requires low head movement level) may prompt
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MFC-SBA

PCC-SBA

LPC-SBA

t-score

FIGURE 3: Two patients clinically diagnosed as being in vegetative state/unresponsive wakefulness state (VS/UWS), studied
with resting-state functional magnetic resonance imaging, who show complete, near normal-appearing default-mode network
(DMN), despite inconclusive results from other techniques. Both patients emerged from VS/UWS to minimally conscious state
in the months after scanning. Although the presence of DMN does not ensure consciousness, its functional integrity may have
relevant clinical implications. For both cases, the DMN was observed with independent component analysis (ICA) and seed-
based analysis (SBA), performed independently for 6 seeds (precuneus extending to the posterior cingulate cortex [PCC],
medial frontal cortex [MFC], and lateral parietal cortex [LPC], bilaterally). For Case 1 (disease duration = 23 months, vascular
etiology, Coma Recovery Scale [CRS] score = 6), DMN activity was consistently detected for all nodes, except for the left LPC,
even when this area was considered as SBA seed. For Case 2 (disease duration = 15 months, vascular etiology, CRS score =
6), the posterior DMN was apparent and this pattern was more evident with ICA than with SBA. Correlated activity was never
detected in the MFC; when this area was considered as seed region, spurious non-neuronal clusters were observed. Both cases
show a visible discrepancy between the significant structural damage and the apparently well-preserved DMN activity. L =
left; R = right. [Color figure can be viewed in the online issue, which is available at www.annalsofneurology.org.]

more careful evaluation of the patient’s condition and of
the results given by structural and metabolic imaging.

Relationship to Structural and Metabolic
Integrity

Compared to functional measures, the role of conven-
tional structural imaging in the diagnostic workup of
DOC patients has been less thoroughly investigated. In

10

our cohort, expert assessment of gross anatomical
changes and signal abnormalities in DMN conveyed
information useful for differentating VS/UWS and
MCS patients at the group level (see Supplementary
Table 1). Although structural integrity of the DMN
alone cannot replace functional and metabolic meas-
ures, anatomical damage could deserve more systematic
consideration, as recently suggested for critically ill
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patients with primary non-neurological disease.*' This
is relevant because structural assessment was far less
sensitive to head movement than rs-fMRI, yielding
AUC = 0.72 over the entire cohort; in addition, a
more detailed assessment than the “lumped” damage
ranging from 0 to 4 considered here may provide even
higher diagnostic accuracy. The importance of assessing
structural integrity is further underlined by recent DTI
results demonstrating correlation between white matter
damage in DMN regions and thalamus, and the level
of consciousness.*?

FDG-PET vyielded the best diagnostic accuracy
(AUC = 0.75) and correlation with CRS-R scores (see
Fig 2 and Supplementary Table 2), and is less sensitive
to head movement, because it has a smoothing effect
that is partially masked by the inherent blurring already
present ab initio in PET images. These results agree
with previous studies showing the strongest metabolic
reduction in the frontoparietal cortex,”'® and confirm
that FDG-PET can robustly differentiate MCS from
VS/UWS patients at the group level.'""'* Compared to
the AUC = 0.87 reported in Stender et al,'* lower
accuracy here is probably ascribable to differences in
chosen measurement areas, lesion pattern, etiology, and
uptake normalization approach. FDG-PET surpasses rs-
fMRI only when all cases are included (N = 85),
whereas it does not differ significantly when excluding
cases most affected by movement (N = 62, see Supple-
mentary Table 2). Compared to rs-fMRI, FDG-PET
provides a global measure of brain metabolism, which
is less functionally specific than assessment of residual
synchronization in the DMN network. As such, the 2
techniques should be considered complementary and
not competing.

Importantly, excluding the patients with largest
head movement (N = 62, see Supplementary Table 2),
sMRI, rs-fMRI, and PET did not differ significantly, and
the performance of a multivariate model including 2
modalities was only slightly superior to that of the single
modalities. Overall, there is no evidence that one tech-
nique is significantly superior to the other.

Based on behavioral observation of patients under-
going the Wada test (amobarbital injection), it has been
hypothesized that functional preservation of left hemi-
spheric function has greater impact on level of conscious-
ness than right hemispheric function (eg, Serafetinides

l,43 Glosser et 31,44 and Meador et a145). However, a

et a
large-scale study of patients with acute hemispheric
stroke found no statistically significant evidence of later-
alization.*® Thus, evidence for left-lateralization of the
neural underpinnings of consciousness remains controver-

sial. This issue is important also because DOC patients
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often have lateralized damage.47 Here, we found that dif-
ferences between VS/UWS and MCS patients were stron-
ger for the left than the right hemisphere for all 3
imaging modalities and that the integrity of the left
hemisphere is predictive of better clinical status. Further
confirmation of this finding is required, particularly in a
cohort of patients with shorter disease duration, for
whom a more univocal cause—effect relationship can be
ascertained.

Two important issues not consistently investigated
yet are the effects of disease duration and etiology. Most
rs-fMRI studies have been conducted on patients on
average in subacute phase (~6-12 months!®1%21:27).
Our cohort had a substantially longer disease duration
(25 months for VS/UWS and 40 months for MCS on
average), closer to FDG-PET work (~24 months, or
more'?). Our data extend previous rs-fMRI data showing
that a clear relationship between the integrity of DMN
activity and clinical status is also found in chronic
patients. This result is important because following the
initial injury, multiple pathophysiological processes ensue,
such as inflammation, secondary degeneration, and plas-
tic reorganization, which may diversely impact DMN
activity. We found no evidence for preferential diagnostic
utility of the 3 modalities as a function of etiology; this
could also be related to the small size of the subsamples,
as well as to the multitude of factors associated with the
long disease duration in this cohort. Anyhow, our results
suggest that the distinction between SV and MCS is eas-
ier for the anoxic etiology based on both sMRI and rs-
fMRI modalities, probably because anatomical damage
tends to be more widespread and consistently severe for
these cases, similarly impacting anatomy and function.
The SV-MCS distinction is more difficult for vascular
(ischemic and hemorrhagic) etiology probably because in
these cases there is more nuanced and heterogeneous
damage to the cortex and white matter, engendering
anatomy—function dissociations and making it difficult to

objectively assess damage.

Study Limitations

The unavailabilitcy of FDG-PET for some patients,
together with the need to exclude rs-fMRI scans most
severely affected by head movement, determined a split
into 4 subpopulations, complicating the comparability of
techniques. This limitation was addressed by choosing
the best situation for each modality, and importantly the
main conclusions were supported by similar results across
subpopulations. Follow-up clinical data were only spar-
ingly available, and prognostic analyses thus were not
performed. We did not consider the effect of thalamic
integrity, as this structure was not consistently observed
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in DMN maps even for control participants, in line with
previous studies.*®*’

Recent advances in rs-fMRI methodology may
increase diagnostic accuracy compared to the methods
used here. Multiband techniques yield longer-time series
(>1,000 frames) for the same acquisition time, resulting
in a drastic improvement of statistical power.”® Within-
frame motion correction, vision-guided prospective
motion correction, and multiecho imaging may signifi-
cantly reduce sensitivity to head movement.”">* Addi-
tional improvement may be attainable by including
temporal derivatives, regressor temporal filtering, and car-
diac and respiratory regressors.”>

Finally, it should be noted that not even the CRS-
R scale is a gold standard quantification of the patient’s
clinical condition, because scores partially overlap
between different diagnoses and because it embodies the
assumption that if a patient is able to show higher-level
behaviors then also lower-level responses should be pre-
served. Future neuroimaging studies may consider revised
versions of this scale that attempt to address these

. 54
1ssues.

Conclusions

In summary, we confirm that rs-fMRI can be informa-
tive about DMN integrity in DOC patients, yielding
modest but clearly significant correlation with clinical
status. The viability of this technique is critically
dependent on head movement, whereas sMRI and
FDG-PET are much less affected. Structural integrity
across DMN regions also correlates with consciousness
level, and FDG-PET yields the highest accuracy scores.
Muldple rs-fMRI analyses provided convergent results,
and on the whole rs-fMRI does not significantly add to
sMRI and FDG-PET. Nevertheless, so long as patients
with the greatest head movement are excluded, there is
also no evidence that either of these techniques is supe-
rior to rs-fMRI. Furthermore, all modalities provided
tentative evidence that DMN integrity in the left hemi-
sphere may be more predictive of clinical status than in
the right hemisphere. In patients without a clear behav-
joral response, rs-fMRI could be useful in the clinical
routine to complement existing diagnostic tools, to
detect residual brain activity in individual cases, particu-
larly when results from the other techniques are

inconclusive.
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