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How Are Different Neural Networks
Related to Consciousness?

Pengmin Qin, PhD,1,2,3 Xuehai Wu, PhD,4 Zirui Huang, PhD,2

Niall W. Duncan, PhD,1,2,3,5 Weijun Tang, PhD,6 Annemarie Wolff, PhD,1

Jin Hu, PhD,4 Liang Gao, PhD,4 Yi Jin, PhD,4 Xing Wu, PhD,4

Jianfeng Zhang, MS,5 Lu Lu, MS,6 Chunping Wu, MS,6 Xiaoying Qu, MS,6

Ying Mao, PhD,4 Xuchu Weng, PhD,5 Jun Zhang, PhD,7 and

Georg Northoff, PhD1,2,3,5,8

Objective: We aimed to investigate the roles of different resting-state networks in predicting both the actual level of
consciousness and its recovery in brain injury patients.
Methods: We investigated resting-state functional connectivity within different networks in patients with varying lev-
els of consciousness: unresponsive wakefulness syndrome (UWS; n 5 56), minimally conscious state (MCS; n 5 29),
and patients with brain lesions but full consciousness (BL; n 5 48). Considering the actual level of consciousness, we
compared the strength of network connectivity among the patient groups. We then checked the presence of connec-
tions between specific regions in individual patients and calculated the frequency of this in the different patient
groups. Considering the recovery of consciousness, we split the UWS group into 2 subgroups according to recovery:
those who emerged from UWS (UWS-E) and those who remained in UWS (UWS-R). The above analyses were
repeated on these 2 subgroups.
Results: Functional connectivity strength in salience network (SN), especially connectivity between the supragenual
anterior cingulate cortex (SACC) and left anterior insula (LAI), was reduced in the unconscious state (UWS) compared
to the conscious state (MCS and BL). Moreover, at the individual level, SACC-LAI connectivity was more present in
MCS than in UWS. Default-mode network (DMN) connectivity strength, especially between the posterior cingulate
cortex (PCC) and left lateral parietal cortex (LLPC), was reduced in UWS-R compared with UWS-E. Furthermore,
PCC-LLPC connectivity was more present in UWS-E than in UWS-R.
Interpretation: Our findings show that SN (SACC-LAI) connectivity correlates with behavioral signs of consciousness,
whereas DMN (PCC-LLPC) connectivity instead predicts recovery of consciousness.
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Consciousness is a multifaceted phenomenon whose

neural correlates remain the subject of intense inves-

tigation. Recent proposals have suggested that the brain’s

intrinsic activity, often measured during the so-called

resting state, may be an important process underlying

consciousness.1,2 Such resting-state activity can be sepa-

rated into different neural networks defined by correlated

activity patterns between the constituent subregions. In

addition to their anatomy, the different neural networks

may also be distinguished in functional terms. For

instance, the default-mode network (DMN) is thought to

be related to internally oriented thought,3 whereas the

executive-control network (ECN) may be related to exter-

nally guided awareness.4 A third network—the salience
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network (SN)—has been linked with the conscious percep-

tion of stimuli.5,6

Given these links between the 3 resting-state net-

works and differing aspects of consciousness, questions

arise as to their exact roles in constituting or supporting

consciousness. More specifically, these links highlight the

potential clinical importance of particular networks in

conditions where consciousness is impaired.7 To study

this question, network activity and its effect on altered

states of consciousness, such as unresponsive wakefulness

syndrome (UWS; formally unknown as vegetative state),

minimally conscious state (MCS), and anesthesia, have

been investigated.8–11 The results of these studies have

been inconsistent, however, and the studies have not

explicitly investigated how the networks may be differen-

tially related to consciousness.12

In UWS and MCS patients, the main focus of

research has been the DMN.12,13 Some studies have shown

that functional connectivity within the DMN is altered in

such patients,14,15 but others have found this network to

be intact in coma patients who regained consciousness,16

in UWS patients,17 and in conscious but sedated

humans.18 In addition, the DMN appears to be intact in

both anesthetized humans19 and anesthetized monkeys.20

These apparently contradictory results leave unclear the

exact relationship between the DMN and consciousness.

Less work has focused upon the SN and ECN in altered

states of consciousness. The SN and ECN showed reduced

functional connectivity during drug-induced unconscious-

ness,4 but any differences in these networks in disorders of

consciousness (DOC) patients (UWS and MCS) remain to

be fully investigated.21

The overall aim of our study was thus to use resting-

state functional magnetic resonance imaging (fMRI) to

investigate each of the 3 aforementioned networks (DMN,

ECN, and SN) in UWS and MCS. We sought, first, to

establish in which network activity properties best distin-

guish levels of consciousness. In addition, we also aimed to

investigate which network could be used to predict con-

sciousness recovery. To these ends, we utilized a group of

healthy participants (n 5 52) to independently identify the

different networks. The delineated networks were then

applied to patients with either UWS (n 5 56) or MCS

(n 5 29), and the functional connectivity within them was

calculated. These functional connectivity values were ana-

lyzed in line with the study aims to identify the networks

associated with consciousness level and with clinical recov-

ery. As the effect of tissue damage itself, as distinguished

from functional changes per se, represents a potential con-

found for such analyses, we included a group of patients

with brain lesions but full consciousness (BL; n 5 48) as a

control group along with the UWS and MCS patients.

Subjects and Methods

Participants
The study included 52 healthy controls, 56 UWS patients, 29

MCS patients, and 48 patients with BL (see Table 1 and Sup-

plementary Tables 1–3 for participant details). None of the

healthy participants had a history of neurological or psychiatric

disorders, nor were they taking any kind of medication. The

UWS and MCS patients were assessed using the Coma Recov-

ery Scale–Revised (CRS-R)22 before fMRI scanning (T0). The

Glasgow Outcome Scale (GOS) was carried out at least 3

months after the scan session (T1). For some aspects of the

analysis, the UWS group was divided into 2 subgroups based

on their GOS scores at T1. These subgroups were those who

emerged from UWS (UWS-E) and those who remained in

UWS (UWS-R). UWS patients with a GOS score of <3 were

classified as UWS-R, whereas patients with a score� 3 were

classified as UWS-E. The BL patients were recruited as a

control group.

The CRS-R was performed following the administration

and scoring guidelines.22 The CRS-R was translated into Chi-

nese by 3 authors (P.Q., Z.H., and Xu.Wu.). Xu.Wu., an expe-

rienced neurosurgeon, performed the CRS-R and GOS

assessments while blinded to the fMRI data analysis. DOC

patients were recruited from Huashan Hospital in Shanghai and

its affiliated rehabilitation centers. BL patients were recruited

from both the inpatient and outpatient neurosurgical clinics at

Huashan Hospital. Patients with metal implants or abnormal

temperature were excluded. Patients who required sedation or

anesthesia were also excluded, as were those who required a

ventilator. For the UWS patients, the follow-up assessment at

T1 (ie, 3 months postscanning) was carried out at Huashan

Hospital. Informed written consent was obtained from the

healthy participants and from the patients’ legal representatives.

The study was approved by the Ethics Committee of Shanghai

Huashan Hospital, Fudan University, Shanghai, China.

fMRI Data Acquisition
All magnetic resonance images were acquired on the same Sie-

mens (Erlangen, Germany) 3T scanner. For the healthy con-

trols, functional images were acquired using a T2*-weighted

echo-planar imaging sequence (repetition time [TR] 5 2,000

milliseconds, echo time [TE] 5 35 milliseconds, h 5 908, field

of view [FOV] 5 256 3 256mm, matrix 5 64 3 64, slice

thickness 5 4mm, gap 5 0mm). Each volume had 33 axial sli-

ces, covering the whole brain. Two hundred volumes were

acquired during rest. The same functional parameters were used

for 92 of the 133 UWS, MCS, and BL patients. In the remain-

ing 41 patients, the same scanner was used but with different

scan parameters, as follows. In 10 of them, the parameters

were: 33 slices, TR 5 2,000 milliseconds, TE 5 30 milliseconds,

h 5 908, FOV 5 210 3 210mm, matrix 5 64 3 64, slice thick-

ness 5 5mm, gap 5 0mm, 180 volumes; in 31 of them, the

parameters were: 33 slices, TR 5 2,000 milliseconds, TE 5 30

milliseconds, h 5 908, FOV 5 210 3 210mm, matrix 5 64 3

64, slice thickness 5 4mm, gap 5 0mm, 200 volumes. This
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difference in acquisition parameters was taken into account in the

ultimate statistical analyses. To further ensure that the different

acquisition parameters were not influencing our results, we

repeated the analysis using only the 92 participants who had the

same parameters. The same results were obtained. A high-

resolution T1-weighted anatomical image was acquired for all

participants for functional image registration and localization

(TR 5 2,300 milliseconds, TE 5 2.98 milliseconds, matrix 5 256

3 256, slice thickness 5 1mm). All participants (healthy controls

and patients) were instructed by the same researcher (W.T.) to take

a comfortable supine position, relax, close their eyes, and not to

concentrate on anything in particular during the scanning.17,21,23

All participants wore earplugs to minimize the noise of the scanner.

Data Preprocessing
Anatomical images were segmented into gray matter, white

matter, and cerebrospinal fluid (CSF), using the FAST tool

from the FSL software package (http://www.fmrib.ox.ac.uk/fsl/).

Functional images were processed using the AFNI software

package.24 After discarding the first 2 volumes, functional

images then underwent a preprocessing procedure that

included: slice-timing correction, 2- and 3-dimensional head

motion corrections, masking for the removal of the skull, and

spatial smoothing using a 8mm full width at half maximum

kernel.21 Time series were then normalized by computing the

ratio of the signal in each voxel at each time point to the mean

across all time points, and then multiplying by 100. The 6 esti-

mated head motion parameters and the mean time series from

the white matter and the CSF—where these regions were

defined using partial volume thresholds of 0.99 for each tissue

type—were considered as noise covariates and were regressed

out from the data.25 The data were band-pass filtered, reserving

signals between 0.01 and 0.08Hz.26 Note that in our analysis

we did not remove the global mean. To ensure that this did

not influence out results, we repeated the analysis including

global mean removal and found no difference.

Head Motion Correction
The issue of motion artifacts was addressed rigorously, as minor

group differences in motion have been shown to cause artificial

group differences.27–29 Motion was quantified as the Euclidean

distance calculated from the 6 rigid-body motion parameters

for 2 consecutive time points (AFNI, 1d_tool.py). Any instance

of movement> 0.5mm was considered as excessive motion, for

which the respective volume as well as the immediately preced-

ing and subsequent volumes were removed.30 To obtain reliable

results, participants with <3 minutes worth of data remaining

were excluded.31 This resulted in the exclusion of 3 UWS

patients, 1 MCS patient, and 1 BL patient. Among the patient

groups, the number of remaining volumes were compared. BL

patients (190 6 16; mean 6 standard deviation) had more volumes

remaining than UWS (182 6 24.6) and MCS (177 6 25.6)

patients. To confirm that our results were not confounded by these

differing data lengths, we shortened the BL data to match those of

the UWS and MCS patients and repeated the statistical analysis.

No difference in the results was seen.

Defining Regions of Interest
Structural and functional images from the healthy control

group were transformed into Montreal Neurological Institute

(MNI) standard space (2 3 2 3 2mm3 resolution). We used

these healthy control data to define the 3 target resting-state

networks: SN,6,32 DMN,33 and ECN.32,34 To define these

networks, we first selected seed regions according to the AFNI

TABLE 1. Demographic and Clinical Information for Participant Groups

Group Number Mean Age,
yr (SD)

Female, No. Days since
Injury (SD)

Residual Brain
Volume, mm3 (SD)

Traumatic
Injury, No.

Healthy
participants

52 35 (9) 15 n/a 1,171,747 (45,023.8) n/a

BL 48 42 (15) 11 149 (146) 1,092,191 (96,810.7) 44

MCS 29 44 (13) 6 119 (162) 1,049,592 (133,641.6) 24

UWS 56 41 (14) 14 96 (74) 1,054,256 (124,029.6) 41

UWS-R 30 45 (14) 9 130 (114) 1,024,419 (119,821.5) 20

UWS-E 23 38 (12) 5 68 (57) 1,102,173 (110,919.9) 19

Diagnosis was made according to the Coma Recovery Scale–Revised. See Supplementary Tables (1–3) for detailed information.
The UWS group was further divided into 2 subgroups (UWS-E and UWS-R). UWS-R consists of those patients who remained in
a UWS at least 3 months after their initial assessment, whereas UWS-E consists of the patients who had emerged from UWS at 3
months. There were 3 UWS patients without follow-up information. There was no difference in age or sex between the 3 patient
groups (BL, MCS, and UWS), nor any difference in the time since injury. The residual brain volume was defined using a partial
volume threshold of 0.8 for the gray and white matter segmentations. There was no difference of brain volume between the 3
patient groups. For the 2 UWS subgroups (UWS-E and UWS-R), there was no difference in age, gender, or time since injury.
There was, however, a significant difference in brain volume (p 5 0.018).
BL 5 brain lesion with full consciousness; MCS 5 minimally conscious state; n/a 5 not applicable; SD 5 standard deviation;
UWS 5 unresponsive wakefulness syndrome.
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anatomical template (TT_desai_dk_mpm).35 For the SN, the

seed region was the supragenual anterior cingulate cortex

(SACC); for the DMN, the seed was the posterior cingulate

cortex (PCC); and for the ECN, it was the right dorsal lateral

prefrontal cortex. Next, voxelwise resting-state functional con-

nectivity maps for the healthy controls were computed for each

of the 3 seed regions. To do this, the mean blood oxygenation

level–dependent time series in each specific seed region was cor-

related with the time series in every other voxel using Pearson

linear correlation. The resulting r values were converted to

normally distributed Z values using Fisher Z transform. Group

functional connectivity maps for each of the 3 networks were

then created by averaging the individual Z value images and

thresholding these mean images at Z> 0.3095 (r> 0.30) with a

cluster extent threshold of 100 voxels. The 5 largest clusters in

each of the network images were identified, and spherical

regions of interest (ROIs) with a radius of 10mm were placed

at the peak coordinate within each (see Table 2 for the coordi-

nates of each ROI).36

These ROIs were then warped onto the non-normalized

functional images for the individual patients.37,38 The proce-

dure to do this was as follows. Functional images were individ-

ually coregistered with structural images; structural images were

then normalized to MNI standard space; the inverse of the

structural to MNI and functional to structural transformations

were combined to give individual MNI to functional trans-

forms; and, finally, these transformations were applied to the

ROIs to align them with the functional images. The location of

each ROI was visually checked for each patient (see Fig 1 for

sample ROI localizations). As some patients have enlarged ven-

tricles, the CSF segmentation image calculated previously was

used to mask any ventricle voxels from within the warped

ROIs.39 Any ROIs with <10 voxels following alignment to

functional space and masking for ventricle voxels were

excluded.17 This resulted in the exclusion of 32 ROIs in total

(5 in SN, 17 in DMN, and 10 in ECN). Full details of the

excluded ROIs, along with the number of voxels constituting

each included ROI, can be found in Supplementary Table 4.

The number of voxels remaining in each ROI for each patient

was included as a covariate in the subsequent data analyses.

Functional Connectivity
For each network (SN, DMN, and ECN), the mean time series

was extracted from each subregion ROI. The Pearson correla-

tion coefficient between the time series of each pair of ROIs

was calculated as a measure of functional connectivity. Fisher Z

transformation was used to transform the correlation r values to

normally distributed Z values. The average Z value across all

pairs of ROIs within each network was then computed.

Statistical Analysis
In a first step, we sought to identify in which networks as a

whole functional connectivity could distinguish unconscious

(UWS) and conscious (MCS and BL) states. To do this, the

mean functional connectivity across all ROIs for each network

(ie, the mean network connectivity) was compared between the

3 groups through 1-way analyses of variance (ANOVAs). Note

that prior to these group comparisons, functional connectivity

Z values were corrected for patient age,14 the different acquisi-

tion parameters,40 mean head motion, the volume of the rele-

vant ROIs, the length of time since brain injury, and the total

brain volume, through linear regression. Post hoc t tests were

then used to determine which specific groups showed differen-

ces in each network. One-tailed tests were used for the post hoc

testing, as previous studies showed reduced functional connec-

tivity in unconscious, as compared to conscious, states. A false

discovery rate (FDR) correction including all 3 networks was

performed to account for the combined total of 9 post hoc

tests.

TABLE 2. Coordinates of Regions of Interest in
MNI Standard Space

MNI Coordinates

Brain Region Location X Y Z

Salience network

SACC M 21 20 28

LAI L 242 14 0

RAI R 40 12 0

LTHAL L 212 216 4

RTHAL R 14 220 8

Default-mode network

PCC M 0 246 20

MPFC M 0 56 26

LLPC L 242 268 38

RLPC R 50 260 36

RTP R 58 22 222

Executive-control network

LDLPFC L 236 52 10

RDLPFC R 34 46 20

LIPL L 240 256 44

RIPL R 46 252 44

PCUN M 4 242 44

L 5 left; LAI 5 left anterior insula; LDLPFC 5 left dorsal
lateral prefrontal cortex; LIPL 5 left inferior parietal lobe;
LLPC 5 left lateral parietal cortex; LTHAL 5 left thalamus;
M 5 medial; MNI 5 Montreal Neurological Institute;
MPFC 5 medial prefrontal cortex; PCC 5 posterior cingu-
late cortex; PCUN 5 precuneus; R 5 right; RAI 5 right
anterior insula; RDLPFC 5 right dorsal lateral prefrontal
cortex; RIPL 5 right inferior parietal lobe; RLPC 5 right
lateral parietal cortex; RTHAL 5 right thalamus;
RTP 5 right temporal pole; SACC 5 supragenual anterior
cingulate cortex.
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To further specify which regions are most able to distin-

guish conscious from unconscious states, we then carried out a

similar analysis using the corrected values for functional connec-

tivity between individual pairs of ROIs within each of the 3 net-

works (ANOVAs followed by post hoc t tests). With 3 networks,

3 patient groups, and 5 regions within each network, a total of

90 post hoc tests were carried out. FDR correction was used to

control for the multiple comparison problem across all 90.

Having identified which networks and pairs of regions

could distinguish between conscious and unconscious states, we

then examined the possibility of using functional connectivity

within the identified regions to differentiate UWS and MCS

patients. For each region-pair functional connectivity that showed

a significant difference in connectivity strength between UWS

and MCS at the group level, a threshold of r� 0.3 was used to

determine whether connectivity was present in each patient.41,42

The frequency of connectivity being present was then compared

between UWS and MCS (chi-square test). In addition, receiver

operating characteristic (ROC) curves were plotted for the rele-

vant region-pair functional connectivity values. For these, a cor-

rect classification of MCS was counted as a true positive. The

area under the ROC curve was taken as a measure of diagnostic

accuracy. The maximum Youden index along the given curve

(defined as J 5 sensitivity 1 specificity 2 1) was taken as the cut-

off point for classification accuracy.43

For the UWS-R and UWS-E groups, we repeated the

same analysis to test the relationship between functional con-

nectivity and the recovery of consciousness. Chi-square tests

assessed the difference in the ratio of presence between UWS-R

and UWS-E (p< 0.05). For ROC analysis, the area under the

ROC curve as a measure of the accuracy of prediction of the

recovery of consciousness.

Finally, we sought to establish the specificity of the rela-

tionship between a particular region-pair’s functional connectiv-

ity and either the differentiation of behavioral signs of

consciousness or the recovery of consciousness. To do this, the

ROC curves for the different region-pairs tested were compared

in each of these comparisons (UWS vs MCS 5 behavioral

signs of consciousness; UWS-E vs UWS-R 5 recovery of

consciousness).

FIGURE 1: Functional connectivity in (A) the salience network (supragenual anterior cingulate cortex as seed region), (B) the
default-mode network (posterior cingulate cortex as seed region), and (C) the executive-control network (right dorsal lateral
prefrontal cortex as seed region) in healthy controls. For each, the top panel shows functional connectivity maps on a standard
brain template; the middle panel shows the corresponding regions of interest on a single patient’s anatomical image (Patient
14); and the bottom panel shows the comparison of functional connectivity between the UWS, MCS, and BL groups
(mean 6 standard error) at the network level (ie, mean functional connectivity within each network). *p < 0.05, corrected.
BL 5 brain lesions but full consciousness; LAI 5 left anterior insula; LDLPFC 5 left dorsal lateral prefrontal cortex; LIPL 5 left
inferior parietal lobe; LLPC 5 left lateral parietal cortex; LTHAL 5 left thalamus; MCS 5 minimally conscious state; MPFC 5 medial
prefrontal cortex; PCC 5 posterior cingulate cortex; PCUN 5 precuneus; RAI 5 right anterior insula; RDLPFC 5 right dorsal lateral
prefrontal cortex; RIPL 5 right inferior parietal lobe; RLPC 5 right lateral parietal cortex; RTHAL 5 right thalamus; RTP 5 right
temporal pole; SACC 5 supragenual anterior cingulate cortex; UWS 5 unresponsive wakefulness syndrome. [Color figure can be
viewed in the online issue, which is available at wileyonlinelibrary.com.]
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Results

Functional Connectivity and Level of
Consciousness
The networks of interest—DMN, ECN, and SN—were

identified in the independent healthy control group (see

Fig 1). The connectivity Z values in the 3 networks were

then compared in the patient groups.

The ANOVA for the SN showed a significant group

effect (F 5 6.89, p 5 0.003, corrected). Post hoc tests iden-

tified a reduction in connectivity strength in the UWS

group, as compared to the MCS (p 5 0.01, corrected) and

BL groups (p< 0.01, corrected). There was no significant

difference between the MCS and BL groups (see Fig 1). A

significant group effect was also seen in the DMN

(F 5 8.49, p< 0.01, corrected). Post hoc tests showed that

DMN connectivity was reduced in UWS when compared

to BL (p< 0.01, corrected). There was no significant

difference between UWS and MCS, nor between MCS

and BL. Finally, there was no group effect in the ECN

(F 5 2.56, p 5 0.08, corrected), although the post hoc

tests did show a significant difference between UWS and

BL (p 5 0.03, corrected). There was no difference between

UWS and MCS, nor between MCS and BL in the ECN.

The SN is thus the only network that shows a difference

in functional connectivity between conscious (MCS, BL)

and unconscious (UWS) patients.

For connectivity between pairs of regions within

each network, consistent with the results at the network

level, only the functional connectivity strength between

the SACC and left anterior insula (LAI) within the SN

was significantly reduced in UWS compared to MCS

(p 5 0.01, corrected) and BL (p 5 0.02, corrected). No

other connectivity pairs showed a difference between

UWS and MCS (Table 3).

As the group analysis showed that SACC-LAI con-

nectivity was significantly reduced in UWS compared to

MCS, we tested the difference in the frequency of the

presence of SACC-LAI connectivity (r� 0.3) between

UWS and MCS. The results showed that a SACC-LAI

connection was more likely to be present in MCS than

in UWS (chi-square 5 9.16, p 5 0.002; Fig 2B). An

ROC analysis showed that the area under the ROC curve

was 0.74 and was significantly related to behavioral signs

of consciousness (p 5 0.001). The cutoff threshold

according to the Youden index was r 5 0.38; the accuracy

was 78.9%, with 65.2% sensitivity and 84.9% specificity

(see Fig 2C).

Functional Connectivity and Recovery of
Consciousness
To test which network was associated with an improve-

ment in level of consciousness after at least 3 months, we

compared connectivity Z values between UWS-R and

UWS-E groups in the 3 networks. The ANOVA for the

SN showed no significant difference between UWS-R

and UWS-E, meaning that the SN did not show any

predictive effect for therapeutic recovery (Fig 3). Unlike

the SN, functional connectivity in the DMN did predict

the recovery of consciousness (p 5 0.01, corrected).

Finally, there was no significant difference in the ECN.

Consistent with the results at the network level,

functional connectivity between the PCC and left lateral

parietal cortex (LLPC; within the DMN) was signifi-

cantly reduced in UWS-R compared to UWS-E

(p 5 0.02, corrected). No other pairs of regions showed a

significant connectivity reduction in UWS-R compared

to UWS-E (Table 4).

Considering that PCC-LLPC connectivity was sig-

nificantly reduced in UWS-R compared to UWS-E, we

tested the difference in the frequency of connectivity

presence (r� 0.3) between UWS-R and UWS-E subjects.

The results showed that PCC-LLPC connectivity was

significantly more present in UWS-E than in UWS-R

(chi-square 5 8.64, p 5 0.003; Fig 4B). An ROC analysis

showed that the area under the ROC curve was 0.76,

and significantly related to the recovery of consciousness

(p 5 0.002). According to the Youden index, the cutoff

FIGURE 2: (A) Schemata of the functional connectivity
between supragenual anterior cingulate cortex (SACC) and
left anterior insula (LAI). (B) Individual SACC-LAI functional
connectivity values for unresponsive wakefulness syndrome
(UWS; n 5 53) and minimally conscious state (MCS; n 5 24)
patients. The broken line represents r 5 0.3. The presence
of SACC-LAI connectivity (r�0.3) was significantly corre-
lated with consciousness level (chi-square 5 9.16, p 5 0.002).
(C) Receiver operating characteristic plots for the prediction
of behavioral signs of consciousness by SACC-LAI and pos-
terior cingulate cortex (PCC)–left lateral parietal cortex
(LLPC) connectivity. True positive fraction (TPF) 5 sensitivity
to MCS; false positive fraction (FPF) 5 1 2 specificity to
MCS. [Color figure can be viewed in the online issue, which
is available at wileyonlinelibrary.com.]
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threshold was r 5 0.37; the accuracy was 74%, with 81%

sensitivity and 69% specificity (see Fig 4C).

Specificity of the Relationship between
Functional Connectivity and Behavioral Signs of
Consciousness/Recovery of Consciousness
To test the specificity of the relationship between the SN

(SACC-LAI) and behavioral signs of consciousness, we

compared the ROC curve of SACC-LAI connectivity

and prediction of consciousness level (ie, UWS vs MCS

classification) with the ROC curve for the same classifica-

tion using PCC-LLPC connectivity. A significant differ-

ence between the areas under the curve for these was

observed (p 5 0.04; see Fig 2C). Similarly, to test

the specificity of the relationship between the DMN

(PCC-LLPC) and the recovery of consciousness, the same

comparison was done using ROC curves for the classifica-

tion of UWS-R and UWS-E. Again, a significant difference

between the areas under the curve for PCC-LLPC and

SACC-LAI connectivity was seen (p 5 0.05; see Fig 4C).

Discussion

A large sample of patients with UWS or MCS was used

to investigate which resting-state networks are associated

with different levels of consciousness. A group of patients

with brain lesions but full consciousness were also stud-

ied to control for the effect of tissue damage. Among the

3 networks studied (the DMN, ECN, and SN), only

connectivity within the SN could be used to reliably dis-

tinguish between conscious (MCS, BL) and unconscious

(UWS) states. In particular, connectivity between the

SACC and LAI allowed a reliable distinction. In addi-

tion, connectivity between the SACC and LAI was more

present in MCS than UWS. Considering whether activity

in particular networks could be used to predict clinical

outcomes 3 months postscanning, it was found that con-

nectivity within the DMN was lower in those who

showed no improvement (UWS-R), as compared to those

who improved their level of consciousness (UWS-E).

Furthermore, PCC-LLPC functional connectivity was

more present in UWS-E than UWS-R. Finally, ROC

curve analyses showed that the relationships with either

the behavioral signs of consciousness or the recovery of

consciousness were specific to SACC-LAI and PCC-

LLPC connectivity, respectively. In summary, the SN and

DMN showed distinguishable relationships with the

behavioral signs or recovery of consciousness.

Salience Network and Consciousness
Recent investigations have demonstrated changes in

resting-state networks in altered states of consciousness

such as anesthesia4,44 and UWS patients.14,21 The cur-

rent study also found reduced functional connectivity in

these networks in altered states of consciousness, corrobo-

rating these prior findings. Our results extend existing

work by demonstrating that only resting-state connectiv-

ity in the SN—and not the DMN or ECN—can be

used to distinguish between conscious (MCS and BL)

and unconscious (UWS) states.

Previous studies in both healthy participants and

neurological patients have suggested a particular role for

FIGURE 3: Functional connectivity in (A) the salience net-
work (SN), (B) the default-mode network (DMN), and (C) the
executive-control network (ECN). For each, bars show the
comparison of functional connectivity strength between
those who remained in unresponsive wakefulness syndrome
(UWS) at T1 (UWS-R) and those who had emerged from
UWS at T1 (UWS-E; mean 6 standard error) at the network
level (ie, the mean functional connectivity strength within
each network). *p < 0.05 corrected.

FIGURE 4: (A) Schemata of the functional connectivity
between posterior cingulate cortex (PCC) and left lateral
parietal cortex (LLPC). (B) Individual PCC-LLPC functional con-
nectivity values for patients who remained in unresponsive
wakefulness syndrome (UWS) at T1 (UWS-R; n 5 29) and those
who had emerged from UWS at T1 (UWS-E; n 5 21) patients.
(Note that, although there were 53 UWS patients after remov-
ing 3 patients with too much head motion from the total 56
patients, 3 of those lacked Glasgow Outcome Scale scores at
T1 and were not included in this particular analysis.) The bro-
ken line represents r 5 0.3. The presence of PCC-LLPC connec-
tivity (r�0.3) was significantly correlated with recovery of
consciousness (chi-square 5 8.64, *p 5 0.003). (C) Receiver
operating characteristic (ROC) plots for the prediction of the
recovery of consciousness by supragenual anterior cingulate
cortex (SACC)–left anterior insula (LAI) and PCC-LLPC connec-
tivity. True positive fraction (TPF) 5 sensitivity to recovery of
consciousness (UWS-E); false positive fraction (FPF) 5 1 2 spe-
cificity to UWS-E. [Color figure can be viewed in the online
issue, which is available at wileyonlinelibrary.com.]
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the SACC in consciousness.45–47 Moreover, our recent

studies demonstrated that stimulus-induced activity in the

SACC (in response to hearing the subject’s own name or

autobiographical statements) correlate with the level of

consciousness in UWS patients.30,37 Our present findings

extend these results by showing that SACC resting-state

activity, independent of stimulus-induced activity, is itself

correlated with behavioral signs of consciousness. Addi-

tionally, the current results are consistent with recent

findings in anesthesia where the source of altered electro-

encephalographic alpha band activity at the frontal electro-

des during unconsciousness could be localized to the

SACC.48 Similarly, research in healthy participants sug-

gests that neural activity in the SN is closely related to

conscious perception.45–47,49 Finally, it may be noted that

the SN has been associated with the autonomic nervous

system, and in particular with sympathetic outflow.32,50

The correlation between SN functional connectivity and

consciousness level may thus be partly mediated by the

interaction between this system, the autonomic nervous

system, and overall arousal levels. This remains speculative

at present, however.

DMN and Recovery of Consciousness
The DMN shows higher activity during the resting

state than during attention-demanding tasks.51 As

such, the DMN has been suggested to be involved in

“mind-wandering”52 and “self-referential processing.”34

Considering this link to specifically internally oriented

processing, the DMN has therefore been thought to be

involved in consciousness.53 For this reason, prior

studies on patients with DOC have mainly focused on

the DMN.7,21

Such studies have indicated that DMN functional

connectivity in patients with DOC is reduced in compar-

ison to healthy controls.14,15 This is consistent with our

current results, where connectivity in the DMN is

reduced in UWS as compared to BL patients. However,

other studies have shown persistent DMN connectivity

in UWS,17 light sleep,54 anesthesia in humans19 and

monkeys,20 and acute coma patients.16 Importantly, the

latter coma study showed that the 2 patients with main-

tained DMN connectivity subsequently regained con-

sciousness, whereas the other 11 coma patients without

DMN connectivity did not.16 These results led to a

hypothesis that DMN connectivity may be necessary for

consciousness to occur, but does not itself account for

the level of consciousness.55 Our current results showed

that UWS-E patients have stronger functional connectiv-

ity (and a higher frequency of individual presence) in the

DMN (PCC-LLPC) than UWS-R patients. This

provides support for such a hypothesis.

ECN and Level of Consciousness
A previous study has shown altered ECN connectivity in

patients with disorders of conscious when compared to

healthy controls.21 However, according to the current

results, ECN connectivity showed no direct relationship

with the level of consciousness, as documented by the

absence of any differences between UWS/vegetative state

and MCS. This is further supported by the absence of

any significant difference in ECN functional connectivity

between UWS-R and UWS-E. This leaves unclear the

exact role of the ECN in constituting the level of con-

sciousness, a question that may be investigated in detail

in the future.

Clinical Implications
The results show that SN connectivity (SACC-LAI) may

differentiate patients in MCS from patients in UWS,

whereas DMN connectivity (PCC-LLPC) may differenti-

ate those who recover consciousness after 3 months from

those who do not (UWS-E/UWS-R). The accuracy of

these predictions is not yet sufficient for direct translation

to the clinic but are extremely promising. The accuracy val-

ues are similar to those of a recent fluorodeoxyglucose posi-

tron emission tomography (FDG-PET) study of vegetative

state patients where global glucose metabolism was used

for diagnosis (although note that this study did not report

specificity or sensitivity values).56 Our fMRI results are

notable in this context, as FDG-PET has previously been

suggested to be superior for the diagnosis of the level of

consciousness, yet our results provide a degree of accuracy

similar to that modality.11 Furthermore, our fMRI results

allowed the discrimination of different networks that were

associated with different aspects of the clinical picture (ie,

behavioral signs of consciousness and recovery of con-

sciousness). They thus provide clear targets for future stud-

ies to develop directly applicable diagnostic and prognostic

markers for DOC.

Methodological Limitations
Care must be taken when attempting to differentiate neu-

ronal effects associated with the loss of consciousness from

those related to brain lesions. To control for the effects of

gross brain lesions, which may have a confounding impact

on functional connectivity independent of the level of con-

sciousness, our study included a control group of patients

with brain lesions but full consciousness. However, the

inclusion of the BL group is only relevant to the effects of

large-scale brain damage and may not control for highly

localized lesions (eg, subdural hemorrhage) or for general-

ized damage (eg, diffuse axonal injury), factors that may be

relevant to DOC patient outcomes.12 Additionally, consid-

ering the probability that an injured brain should be

ANNALS of Neurology

10 Volume 00, No. 00



considered a “new normal” rather than a merely deficient

or “abnormal” system, the BL group may provide a more

suitable control than healthy participants for comparing

different networks between different patient groups.10

Finally, in this analysis the GOS was used at T1 to classify

UWS patients as either UWS-E or UWS-R. The CRS-R

may, however, provide a more accurate measure of out-

comes, and so we would recommend the use of this scale

in conjunction with the GOS in future studies.

Conclusions
We investigated resting-state networks in a unique sample

of patients with MCS, UWS, and BL. Unlike the DMN

and ECN, resting-state functional connectivity in the

SN, particularly SACC-LAI connectivity, was able to dis-

tinguish between conscious and unconscious states.

Although DMN connectivity could not be used to distin-

guish between conscious and unconscious states, connec-

tivity in the DMN, especially PCC-LLPC, was related to

the recovery of consciousness. Our findings contribute to

a better understanding of the distinct roles of different

neural networks in constituting the level of consciousness

in general. They also have important implications for

imaging-based clinical diagnosis and prognosis in patients

with DOC.
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