Brain Topography (2025) 38:17
https://doi.org/10.1007/510548-024-01087-7

ORIGINAL PAPER ——

®

Check for
updates

Brain Function and Structure Changes in the Prognosis Prediction of
Prolonged Disorders of Consciousness

Weiguan Chen? - Ye Zhang? - Aisong Guo' - Xuejun Zhou? - Weiqun Song?

Received: 17 November 2022 / Accepted: 20 October 2024
© The Author(s), under exclusive licence to Springer Science+Business Media, LLC, part of Springer Nature 2024

Abstract

Objectives To observe the functional differences in the key brain areas in patients with different levels of consciousness
after severe brain injury, and provide reference for confirming the objective diagnosis indicators for prolonged disorders of
consciousness (pDoCs).

Methods This prospective study enrolled patients with pDoCs hospitalized in the department of rehabilitation medicine of
our Hospital. Levels of consciousness and clinical outcomes were assessed according to diagnostic criteria and behavioral
scales. Resting-state functional magnetic resonance imaging (rs-fMRI) and diffusion tensor imaging (DTI) of 30 patients
with different levels of consciousness was performed. The patients were grouped as conscious or unconscious according to
whether they regained consciousness during the 12-month follow-up.

Results Thirty patients were enrolled, including eight with unresponsive wakefulness syndrome/vegetative state, eight with
minimally conscious state, six with emergence from the minimally conscious state, and eight with a locked-in syndrome.
There were 19 and 11 patients in the conscious and unconscious groups. Compared with the unconscious group, the left basal
nucleus was activated in the conscious group, and there were significant differences in white matter fiber bundles. Correla-
tions were observed between the regional homogeneity (ReHo) value of the cerebellum and the Glasgow coma scale score (r
= 0.387, P = 0.038) and between the ReHo value of the left temporal and the coma recovery scale-revised score (r = 0.394,
P =0.035).

Conclusions The left insula and cerebellum might be important for regaining consciousness. The brain function activity and
structural remodeling of the key brain regions and the activation level of the cerebellum are correlated with clinical behaviors
and have potential application value for the prognosis prediction of pDoCs patients.

Keywords Disorders of Consciousness - Functional Magnetic Resonance Imaging - Diffusion Tensor Imaging - Brain
Network - Prognosis

Introduction

Severe brain injury (SBI) is a structural injury and/or physi-
ologic disruption of brain function resulting from trauma,
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thy (HIE), hemorrhage, neuronal damage (e.g., infections),
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>4 Weiqun Song

songwq66@ 126.com
onset of any period of confusion, disorientation, change
! Department of Rehabilitation Medicine, Affiliated Hospital in consciousness, or amnesia that may or may not be tran-
of Nantong University, Nantong, Jiangsu, China sient (does not require loss of consciousness), observed
2 Department of Rehabilitation Medicine, Xuan Wu Hospital, neurologic dysfunction, and intracranial lesion (Powers et
Capital Medical University, Beijing, China al. 2019). Any of the following characterizes a moderate-
3 Department of Medical Imaging, Affiliated Hospital of to-severe brain injury: abnormal cerebral imaging, loss of
Nantong University, Nantong, Jiangsu, China consciousness > 30 min, altered mental status > 24 h, post-
4 Present address: Department of Rehabilitation Medicine, traumatic amnesia > 1 day, and best Glasgow Coma Scale

Nantong First People’s Hospital, Nantong, China

Published online: 25 November 2024 €\ Springer


http://crossmark.crossref.org/dialog/?doi=10.1007/s10548-024-01087-7&domain=pdf&date_stamp=2024-11-23

17 Page 2 of 12

Brain Topography (2025) 38:17

(GCS) score < 13 in the first 24 h (Powers et al. 2019).
In the United States of America, 1.4 million hospitaliza-
tions are due to traumatic brain injury (TBI) each year, and
80,000-90,000 patients will develop long-term disabilities
(Centers for Disease et al., 2006). In addition, the lifetime
risk of stroke is 25%, and strokes lead to ischemic or hemor-
rhagic brain injury (Collaborators et al. 2018). The mecha-
nisms of brain injury include the damage to fragile tissues of
the brain during acceleration/deceleration/shearing forces
due to the irregular interior surface of the skull, cortical tis-
sue injured by direct mechanical trauma, ischemia causing
neuronal death, and hematomas and hemorrhage damag-
ing the subcortical structures and leading to vasospasm and
ischemia (Powers et al. 2019). Cognitive functions after SBI
can be predicted by the duration of amnesia after trauma
(Konigs et al. 2012) or by the extent of ischemia or hemor-
rhage (Powers et al. 2019). The overall mortality of SBI is
76% for patients with a GCS of 3 (National Institute for
Health and Care Excellence (NICE), 2019).

In patients with subacute moderate brain injury, no sig-
nificant computed tomography (CT) or magnetic resonance
imaging (MRI) abnormalities can be observed, but frontal
and occipital lobes hypoperfusion can be noted (Lin et al.
2016). In patients with severe TBI, MRI can reveal micro-
bleeds (Moenninghoff et al. 2015). CT can also reveal brain
hematoma, edema, subarachnoid hemorrhage, contusions,
and midline shift (Schweitzer et al. 2019). Significantly
reduced cerebral blood flow (CBF) and lymphatic flow,
especially in the frontal and temporal lobes, have been
reported in patients with chronic TBI assessed with single-
photon emission CT (SPECT) (Raji et al. 2014).

Diffusion tensor imaging (DTI) is an advanced MRI
technique that provides information about the connec-
tions within the brain and can reveal a pattern of disrupted
connections (Douglas et al. 2015). DTI uses the detection
of the diffusion of water molecules in tissues to observe
nerve fibers’ travel and structural integrity and then stud-
ies the fiber bundle connections in different functional brain
regions. As the only non-invasive technique to track the
movement of white matter fiber tracts in the brain in vivo,
DTI has been applied in the research of brain injury related
to cerebral ischemia, trauma, degeneration, and abnormal
brain development, providing help for the discovery of
disease and prognosis biomarkers for SBI patients (Doug-
las et al. 2015; Moura et al. 2019). Unlike clinical scores,
DTT is not affected by sedatives or sleep and can be used
to assess the white matter microstructure of patients with
disturbances of consciousness (DoCs) in the resting state,
avoiding data quality degradation caused by involuntary
patient movement during data collection (Wu et al. 2018).
Some researchers are trying to use DTI to identify different
states of consciousness (such as unresponsive wakefulness
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syndrome (UWS)/vegetative state (VS), minimally con-
scious state (MCS), etc.) of patients with DoCs caused by
TBI or non-traumatic SBI, and analyze the relationship
between the degree of injury and clinical prognosis (Jain et
al. 2021; Yin et al. 2019).

Resting-state functional MRI (rs-fMRI) assesses the
spontaneous, correlated fluctuations in the cerebral blood
oxygenation level-dependent (BOLD) signal that occur
between brain regions that are functionally related when the
brain is not engaged in any specific task (Biswal et al. 2010).
Therefore, rs-fMRI can be used to identify intrinsic neural
networks and information about specific brain networks’
connectivity and functionality (Seeley et al. 2007). Previous
rs-fMRI studies in patients with SBI showed higher num-
bers of and stronger connections between medial prefron-
tal regions and other brain regions than controls (Iraji et al.
2015; Johnson et al. 2012; Mayer et al. 2015; Nathan et al.
2015).

Still, little data are available about the brain function and
structure of patients with different levels of consciousness.
Using patients with different levels of consciousness as the
research subjects, this study sought to refine the classifica-
tion of patients with prolonged disorders of consciousness
(pDoCs) using a multimodal approach based on rs-fMRI
and DTI technologies. This study might reveal the func-
tional and structural changes in the brain function of patients
with different levels of consciousness and the changes in
white matter structural integrity. This multimodal research
of pDoCs might unravel key brain regions and network
mechanisms in patients with pDoCs. This study will also
investigate the neural mechanisms of pDoCs during the
dynamic follow-up of consciousness recovery of patients
with pDoCs, according to the diagnostic criteria of pDoCs
and validation using the coma recovery scale-revised (CRS-
R) scale. In summary, this study aimed to explore the dif-
ferences in the function and structural damage of key brain
areas in patients with pDoCs with different levels of con-
sciousness and the indicators for the prognosis of patients
with pDoCs. The results could provide a new tool for deter-
mining the prognosis of patients with pDoCs.

Materials and Methods
Study Design and Patients

This prospective study included patients with SBI hospi-
talized in the department of rehabilitation medicine of the
Affiliated Hospital of Nantong University. This study was
approved by the Ethics Committee of the Affiliated Hospital
of Nantong University (approval number: 2021-K017-01).
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Written informed consent was obtained from the patients’
legal guardians.

The inclusion criteria for the patients were (1) native
Chinese speaker, (2) diagnosis of DoCs (including coma,
UWS/VS, MCS, emergence from the minimally conscious
state (eMCS), and locked-in syndrome (LIS) due to the
first SBI (such as TBI, cerebrovascular diseases (CVD),
HIE, etc.), (3) clinical diagnosis of coma, UWS/VS, MCS
(including MCS+/-), eMCS, and LIS based on definitions
and standardized diagnostic criteria recognized by interna-
tional research and assessed by the CRS-R (Kondziella et
al. 2020), (4) course of disease > 28 days, (5) no history of
vital organ injury or failure, stroke, cancer or brain tumor,
neuropathy, brain surgery, or familial psychosis, (6) normal
vision, hearing function, understanding ability, intelligence,
and interpersonal skills before SBI, and (7) the patient and
his family actively cooperated with treatment. The exclu-
sion criteria were (1) metal implants such as electrical stim-
ulators, arterial clamps, pacemakers, or hardware for skull
repair, (2) damage to the brain structure was > 25% of the
total brain volume, or (3) use of continuous intravenous sed-
ative drugs (such as benzodiazepines or propofol) to induce
artificial therapeutic coma.

MRI Examination and Image Processing

The patients were examined by MRI (Signa Excite 3.0T,
GE Company, USA) with eight-channel standard head coil
using a T2-weighted echo planar imaging (EPI) sequence:
TR = 3000 ms, TE = 32 ms, 33 slices, voxel size = 4 X
4 x 4 mm3, 128 volumes when they were admitted to the
hospital. The patient lay supine on the examination table,
with the head and neck between extension and flexion.
Wearing noise-reducing headphones for MRI, the patient’s
head was fixed with bilateral sponge headrests to keep it
still. An eight-channel standard head coil was used to scan
the head from the base of the skull to the top of the skull.
All patients underwent conventional serial cross-sectional
imaging of TIWI, T2WI, T2 FLAIR, 3D-FSPGR sequence,
BOLD scanning sequence, and DTI scanning sequence. The
parameters of the different scanning sequences are shown in
Supplementary Table S1.

MRI was preprocessed by local consistency processing
method. The specific process is as follows: (1) DICOM for-
mat conversion: Convert the original data DICOM format to
3D NIFTI format. (2) Time correction: To reduce the influ-
ence caused by machine instability, the images of the first
12 time points of the scan were eliminated. (3) Head move-
ment correction: pDoCs patients may produce a large num-
ber of artifacts due to excessive head movement, and the
data with obvious head movement should be excluded. (4)
Spatial normalization: Images were registered according to

the template of the Montreal Neurological Institute (MNI)
standard brain space. (5) Spatial smoothing: Used to sup-
press noise and reduce interindividual variation introduced
by residuals in gyral anatomy and function. The smoothing
kernel of 6 mm was used in this study. Removal of linear
drift: Correction of warming due to machine work or grad-
ual adaptation of the subject, which may lead to changing
distortions in the data image. (6) Filtering: It is generally
believed that the characteristic frequency of the resting state
is in the low frequency band, so we filtered the data at a low
frequency (0.01 ~ 0.08 Hz).

After preprocessing the images, the preprocessed data
was imported for regional homogeneity (ReHo) analysis,
and the REST software was used to calculate Kendall’s
coefficient concordance (KCC) of 26 voxels for each voxel
and domain to obtain the ReHo value of each voxel. The
ReHo value of each voxel was normalized, and the ReHo
value personal result file mReHo was obtained by dividing
by the whole-brain average value. Finally, the mReHo result
was spatially smoothed, and the smoothing kernel was 6
mm to obtain the smReHo file.

Diffusion-encoded images were acquired, using a sin-
gle-shot echo-planar sequence (repetition time, 3000 ms;
echo time, 56 ms; flip angle = 90°; b-factor, 800 s mm?2),
from 15 different non-parallel directions with the baseline
image being obtained without diffusion weighting (b = 0).
Each volume consisted of 42 axial 3.0 mm slices with no
gap (field of view, 230 mmx230 mm; acquisition matrix,
112 x 109, reconstructed to 256 X 256). The FSL toolkit
FLIRT was used to perform head movement and eddy cur-
rent correction on DTI images. The toolkit BET v2.1 was
used to remove non-brain tissues such as the scalp, skull,
and background noise and obtain the whole-brain mask. The
eigenvalues (A1, A2, and A3) and eigenvectors of the diffu-
sion tensor were calculated using the Stejskal-Tanner equa-
tion (FDT v2.0). The anisotropy (fractional anisotropy, FA)
value was defined as:

VO =222+ (1= 25 + (Aa = Ao’
Tt Aat Ay

FA=

In order to calculate tract-based spatial statistics (TBSS), all
FA images were aligned to a 1 X 1 X 1-mm standard space
(affine nonlinear regression). The normalized images of
each subject were merged to generate the FA average image,
using standard image processing technology to skeletonize
the average FA image to represent the main fiber bundle dis-
tribution of the subject. For FA value extraction, the stan-
dardized FA image was used to project onto the average
skeleton template and extract from these templates. Gen-
eralized linear model modeling on the skeletonized images
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was obtained by each subject to obtain the results of statisti-
cal analysis between groups based on each voxel.

Behavioral Assessments

All patients included in the study were evaluated using
the GCS (Teasdale et al., 1974) and CRS-R (Kalmar et al.,
2005) for at least five behavioral assessments within 1 week
of admission to the hospital. The diagnosis of UWS/VS or
MCS was based on the patient’s highest CRS-R score. If
serious complications (such as fever, respiratory/urinary
tract infections, etc.) occurred, the diagnostic clinical evalu-
ation was postponed until the patient’s condition stabilized.
In order to ensure the consistency of the study, the behav-
ioral evaluations of the same patient in this study were all
performed by the same rehabilitation physician or therapist.

Follow-up

All included patients with pDoCs were recorded at the time
of admission and followed up at 1, 3, 6, and 12 months
after entering the study. When the level of consciousness
changed, the scales were evaluated, and the patient’s con-
sciousness changes were recorded. If the patient was still
in the hospital during follow-up, an experienced rehabilita-
tion physician or therapist conducted a bedside behavioral
assessment of consciousness. If the patient had been dis-
charged and transferred to another hospital during follow-
up, telephone or video follow-up was conducted to assess
the patient’s state of consciousness every 6 months. If the
patient died, the local doctor provided the patient’s latest
assessment results of the patient’s level of consciousness.
During follow-up, all physicians or therapists involved in
the evaluation were ignorant of the grouping of the patients.

Outcomes

The primary outcomes were the state of consciousness
assessed by the CRS-R scale at the end of follow-up and
the state of functional disability classified by the Glasgow
outcome scale (GOS) (Jennett et al., 1975), according
to the clinical diagnosis of UWS/VS, MCS, and eMCS.
Patients whose consciousness status changed to eMCS or
fully regained consciousness (including LIS) during follow-
up were classified as “conscious” (good outcome), while
patients whose consciousness status was still UWS/VS or
MCS (including MCS+/-) were classified as “unconscious”
(poor outcome). Some patients regained consciousness
but died of new disease events, and patients who died still
unconscious were also included in the corresponding out-
come categories.
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Statistical Analysis

SPSS 22.0 (IBM, Armonk, NY, USA) was used for statisti-
cal analysis. Descriptive results were expressed as n (%),
means + standard deviation, or medians (interquartile range
(IQR)). The chi-square test or Fisher’s exact test was used
to test the categorical variables. The continuous variables
were compared using the t-test or Mann-Whitney U-test.
P-values < 0.05 were considered statistically significant.

The REST software was used to perform statisti-
cal analysis of smReHo between and within groups. The
rest_sliceview software was used to view the anatomical
parts corresponding to the Montreal Neurological Institute
(MNI) coordinates. Brain regions with cluster > 228 vox-
els and P<0.05 in each clump were related brain regions
with statistically significant differences (the AlphaSim mul-
tiple correction was used for the results). The FA values of
all subjects were statistically analyzed among the groups.
First, the analysis of variance (ANOVA) was used, and
then the post hoc test was performed in pairs to obtain the
brain regions of the differences in the diffusion coefficients
between the groups. The threshold value set for the statisti-
cal result was P<0.01 or <0.05 after multiple comparison
corrections (family-wise error (fwe) correction).

Then, based on the preprocessed data, the region of inter-
est (ROI) was selected for functional connection analysis.
This study chose to extract the key brain areas of the internal
consciousness network based on the automated anatomical
labeling (AAL) atlas (bilateral thalamus, precuneus, ante-
rior cingulate, and posterior cingulate) and key brain areas
of the external consciousness network (bilateral superior
frontal gyrus, and superior parietal gyrus), in conjunction
with references. The following MNI coordinates were used
as the center of the circle (left superior occipital gyrus, left
triangle inferior frontal gyrus, left inferior temporal gyrus,
cingulate gyrus, cerebellar parietal, middle temporal gyrus,
medial frontal gyrus, insula, etc.) as ROI (Supplement Fig-
ure S1). The ReHo values of the above ROIs were extracted
to compare groups based on the state of consciousness
outcome grouping. The Pearson correlation analysis of dif-
ferent ROI and whole-brain ReHo values and behavioral
scores was performed.

Results

Baseline Characteristics of the Patients

Thirty patients were enrolled, including eight with UWS/
VS, eight with MCS, six with eMCS, and eight with LIS.

Among them, 27 were males, and three were females.
They were 13 to 79 (mean of 51.2 + 15.3) years of age.
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The etiology included 12 cases of TBI, 17 cases of CVD,
and one case of HIE. The course of the disease was 35-403
days. The GCS score was 4—15, and the CRS-R score was
1-22 (Supplement Table S2).

According to the diagnostic criteria of pDoCs and the
CRS-R score, at the end of follow-up, one UWS/VS patient
entered MCS during the follow-up period, five MCS patients
converted to eMCS or regained full consciousness, and all
six eMCS patients recovered complete consciousness. Two
MCS patients eventually died. Therefore, there were 19
patients in the conscious group and 11 in the unconscious
group. There were no statistically significant differences
in age and course of disease between the two groups (P >
0.05) (Table 1).

ReHo Analysis of Patients with Different Levels of
Consciousness

Based on the results of the ReHo analysis, the significant
activation area of the patients in the conscious group was in
the right medial and lateral cingulate gyrus (voxel: 11065,
MNI coordinates: 6, -12, 42, t = 6.4305). The significant
activation area of the patients in the unconscious group was
in the right lateral anterior cuneate (voxel: 4074, MNI coor-
dinates: 15, -60, 48, t = 8.5145) and the left middle frontal
gyrus (voxel: 412, MNI coordinates: -30, 45,21, t =3.9453)
(Fig. 1 and Supplement Table S3).

Compared with the unconscious group, the peak brain
area of ReHo was weakened in the unconscious group in
the left basal nucleus (voxel: 55, MNI coordinates: -27, 0, 0,
t=-2.7932), and the peak brain area of ReHo was enhanced
in the left wedge anterior lobe (voxel: 90, MNI coordinates:
-12, -60, 27, t = 2.8303) (Fig. 2 and Supplement Table S4).

DTI

The FA values of the patients were compared between the
two groups to obtain the brain regions with differences in
the diffusion coefficients. The threshold value of the tests

Table 1 Patient baseline characteristics

was set to P<0.01. After multiple comparison corrections
(FWE correction), the conscious group had higher amounts
of white matter fiber tracts than the unconscious group in
the corpus callosum, left cingulate gyrus, bilateral subfron-
tal tracts, bilateral anterior coronas, left corticospinal tract,
and left posterior thalamus (Fig. 3).

Correlation Analysis between ReHo Values of
Different ROIs and Behavioral Scores

Pearson correlation analysis showed a significant positive
correlation between the ReHo value of the cerebellum and
the GCS score (= 0.387, P = 0.038) and between the ReHo
value of the left temporal and the CRS-R score (» = 0.394, P
= (0.035) (Tables 2 and 3).

Correlation Analysis of whole-brain ReHo Values
and Behavioral Scores

The correlation analysis showed that the average ReHo
value of the right middle temporal gyrus was negatively
correlated with the GCS score (#=-0.60), the average ReHo
values of the lower part of the cerebellum and the left len-
ticular putamen were positively correlated with the CRS-R
score (= 0.53 and » = 0.52), the average ReHo value of the
left temporal pole was negatively correlated with the GOS
score (r=-0.62), and the average ReHo values of the right
posterior cerebellum and the left middle occipital gyrus
were positively correlated with the GOS score ( = 0.56 and
r = 0.56) (Fig. 4 and Supplement Table S5).

Discussion

Little data are available about the use of DTI and rs-fMRI in
patients with pDoCs with different levels of consciousness.
Therefore, this study aimed to explore the neural mecha-
nisms with different levels of consciousness and the objec-
tive indicators for the prognosis of patients with pDoCs. The

Total, n = 30 Conscious, n = 19 Unconscious, n = 11 P
Age (years), mean + SD 512+153 480+ 175 56.7 + 8.4 0.134
Male, n (%) 27 (90) 19 (100) 8(72.7) 0.041%*
Course of disease (days), mean + SD 71.5 (58.0, 123.3) 71.0 (61.0, 139.0) 79.0 (57.0, 115.0) 0.863
Cause n (%)
TBI 12 (40) 3(15.8) 9(81.8) 0.003*
CVD 17 (56.7) 16 (84.2) 19.1)
HIE 1(3.3) 0(0) 19.1)
GCS on admission, median (IQR) 9(7,12) 11 (9, 12) 8(5,9) 0.001*
CRS-R on admission median (IQR) 10 (5.8, 19.5) 19 (10, 21) 5(2,8) <0.001*

TBI: Traumatic brain injury; CVD: cerebrovascular disease; HIE: hypoxic-ischemic encephalopathy; GCS: Glasgow Coma Scale; CRS-R:

Modified Coma Recovery Scale
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Fig. 1 rs-fMRI results of patients with different states of consciousness outcome. (A) Conscious group. (B) Unconscious group. All P<0.05.

Cluster size >228

-2.05

Putamen

-12, -60, 27
Precuneus

Fig. 2 Comparison of ReHo results between the unconscious and conscious groups of the outcome (warm color indicates high in the unconscious
group; cold color indicates high in the conscious group). All P <0.05. Cluster size > 50

left insula and cerebellum might be important for regaining
consciousness. The brain function activity and structural
remodeling of the key brain regions and the activation level
of the cerebellum were correlated with clinical behaviors.
This correlation has a potential application value for the
prognosis prediction of pDoCs patients.

SBI has a variable outcome among different patients. In
the present study, the patients with UWS/VS and MCS had
different scale scores, consistent with the condition and diag-
noses of the patients, and the characteristics of the patients
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were similar between the two groups, which was similar to
previous studies (Estraneo et al. 2016). In this study, one
UWS/VS patient entered MCS during follow-up, five MCS
patients converted to eMCS or regained full consciousness,
and all six eMCS patients recovered complete conscious-
ness. These results are supported by previous studies that
showed better outcomes in patients with MCS (Seel et al.
2013; Steppacher et al. 2014), but the patient populations
in the present study and previous studies are heterogeneous
regarding the etiology of SBI and prognosis.
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Fig. 3 FA statistical chart of the conscious vs. unconscious groups

This study examined the DTI and rs-fMRI characteris-
tics of the patients according to whether they regained con-
sciousness or not. Previous rs-fMRI studies in patients with
SBI showed higher numbers of and stronger connections
between medial prefrontal regions and other brain regions
than controls (Iraji et al. 2015; Johnson et al. 2012; Mayer et
al. 2015; Nathan et al. 2015), but these studies did not exam-
ine the results in terms of regaining consciousness or not.
The present study showed that compared with the uncon-
scious group, the left basal nucleus was activated in the
conscious group, and DTI showed significant differences in
white matter fiber bundles.

The default mode network (DMN) is the resting state
network that received the most attention in the study of rs-
fMRI patients in a coma. The DMN includes the posterior

cingulate/retrosplenial cortex, precuneus, medial prefrontal
cortex, inferior parietal lobule (angular gyrus and supra-
marginal gyrus), and hippocampus (Buckner et al. 2008;
Fransson et al., 2008). The DMN is compromised in SBI
(Bonnelle et al. 2011, 2012; Hillary et al. 2011; Sharp et al.
2011; Soddu et al. 2012; Vanhaudenhuyse et al. 2010), and
a longitudinal study showed that the restoration of the DMN
connections correlates with recovery (Hillary et al. 2011).
Changes in fMRI parameters have also been associated with
consciousness recovery (Edlow et al. 2021). In addition, the
severity of DMN impairment correlated with neurocogni-
tive recovery (Bonnelle et al. 2011, 2012; Sharp et al. 2011).
In addition, connectivity within the DMN correlated with
white matter bundles by DTI (Bonnelle et al. 2011, 2012;
Sharp et al. 2011).
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Table 2 Details about region of interest

Label Brain Region Name Color or
label
ROI1 Thalamus(77,78) Red
ROI2 Precuneus(67,68) Yellow
ROI3 Cingulum_Ant(31,32) Green
ROI4 Cingulum_Post(35,36) Sky blue
ROI5 Frontal Sup(3.,4) purple
ROI6 Parietal Sup(59,60) Dark blue
ROI7 Occipital_Sup_L (aal) -24 -75 24 ROIl1
ROI8 Frontal Inf Tri_L (aal)/ -45399 ROI2
Inferior Frontal Gyrus
ROI9 Temporal Inf L (aal) -42 -51 -9 ROI3
ROI10 Cingulate Gyrus 3-18 39 ROI4
ROI11 Culmen -15-54-12  ROIS
ROI12 Cingulate Gyrus -39-5145 ROI6
ROI13 Middle Temporal Gyrus 39-66 21 ROI7
ROI14 Medial Frontal Gyrus -9-1572 ROI8
ROI15 Insula -369-6 ROI9
ROI16 Medial Frontal Gyrus -9-1851 ROI10
ROI17 Extra-Nuclear -21270 ROI11
ROI18 Sub-Gyral -12-33 66 ROI12
ROI19 Temporal Lobe -54 -21 -6 ROI13

In the present study, correlations were observed between
the ReHo value of the cerebellum and GCS score, the
ReHo value of the left temporal gyrus and the CRS-R
score, the average ReHo value of the right middle tempo-
ral gyrus with the GCS score, the average ReHo values
of the lower part of the cerebellum and the left lenticular
putamen with the CRS-R score, the average value of the
left temporal pole ReHo value with the GOS score, and the

average ReHo values of the right posterior cerebellum and
the left middle occipital gyrus with the GOS score. These
correlations globally are supported by Vanhaudenhuyse et
al. (Vanhaudenhuyse et al. 2010), who showed that DMN
connectivity correlated with the level of consciousness after
traumatic SBI. Still, the exact correlations vary among stud-
ies because of the heterogeneity in SBI etiology and prog-
nosis. Nevertheless, this study suggests that some rs-fMRI
values could be associated with the outcomes of patients
with pDoCs. Many patients with pDoCs are incorrectly
classified (Schnakers et al. 2009), leading to major ethical
issues and implications regarding prognosis, management,
healthcare resources, and end-of-life decisions (Demertzi
et al. 2014; Di Perri et al. 2016; Kondziella 2017, 2018).
Therefore, this study suggests an examination that does not
require the patient to be conscious or cooperative to predict
the consciousness outcomes. The ongoing CONNECT-ME
trial should shed additional light on the matter (Skibsted et
al. 2018).

The rs-fMRI technique has limitations. The BOLD sig-
nal is only an indirect evaluation of neuronal activity and
is affected by cerebral blood flow, the volume of blood, and
the brain’s oxygen consumption. The BOLD signal indicates
changes in venous blood oxygenation, but no physiologi-
cal units exist. In addition, artifacts are often encountered
in rs-fMRI and can be caused by the behavioral state of the
patient, hardware noise, respiration, and cardiac pulsation
(Jo et al. 2010; Soddu et al. 2012). Therefore, care must be
taken when comparing results among different studies. Still,
rs-fMRI is the best fMRI option for patients who cannot

Table 3 Correlation analysis of ReHo value and the behavioral score of different ROIs (the results are corrected for multiple comparisons)

ROI GCS CRS GOS
r P r P r P

ROI1 0.184 0.339 0.155 0.421 -0.081 0.678
ROI2 -0.228 0.234 -0.256 0.180 -0.010 0.958
ROI3 0.160 0.408 0.075 0.701 0.006 0.977
ROI4 -0.098 0.612 -0.102 0.597 -0.150 0.437
ROI5 0.042 0.827 -0.045 0.817 0.164 0.395
ROI6 -0.090 0.643 -0.138 0.475 0.061 0.752
ROI17 -0.018 0.928 -0.048 0.805 0.123 0.525
ROI8 0.216 0.260 0.114 0.554 -0.009 0.963
ROI9 0.118 0.541 0.362 0.054 0.232 0.225
ROI10 -0.111 0.566 -0.277 0.146 -0.289 0.129
ROI11 0.387 0.038" 0.313 0.099 0.207 0.282
ROI12 -0.061 0.752 -0.017 0.932 0.193 0.317
ROI13 -0.232 0.225 -0.337 0.074 -0.229 0.232
ROI14 0.119 0.539 -0.006 0.976 0.315 0.097
ROI15 0.064 0.740 0.036 0.852 -0.160 0.407
ROI16 0.076 0.695 -0.159 0.409 -0.087 0.654
ROI17 0.092 0.634 -0.149 0.439 -0.055 0.775
ROI18 0.136 0.483 0.033 0.865 0.284 0.135
ROI19 0.260 0.173 0.394 0.035" 0.110 0.568

ROLI: Region of interest; GCS: Glasgow Coma Scale; CRS-R: Modified Coma Recovery Scale; GOS: Glasgow Outcome Scale
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Fig.4 Correlation results between behavioral scores and whole-brain ReHo values (warm colors indicate positive correlations; cold colors indicate
negative correlations). (A) GCS score. (B) CRS score. (C) GOS score. All P<0.05. Cluster size>228

comply with task instructions (e.g., coma or unresponsive)
(Edlow et al. 2013).

Furthermore, fMRI assesses the BOLD signal, while
DTI assesses the diffusion of water along neuronal paths.
Therefore, the two imaging modalities measure two dif-
ferent brain concepts that are complementary in evaluat-
ing patients with pDoCs. DTI can reveal whether neural
pathways are physically disrupted, while fMRI evaluates
whether there are functional changes in various brain areas.
Still, the relationship between DTI and fMRI is complex.
BOLD signals vary in direction and strength of association
with white matter measurements, and these associations are
affected by age (Bennett et al., 2013). A theory stipulates
that higher white matter integrity will facilitate signals to
grey matter regions, leading to increased blood flow (and

BOLD signals) in these regions. On the other hand, another
theory stipulates that more efficient signals through white
matter tracts will lead to more efficient interactions with
grey matter and decreased metabolic demands by the grey
matter, translating into decreased BOLD signals (Bennett
and Rypma 2013). Compromised white matter integrity can
produce a compensatory increased BOLD signal due to grey
matter compensation (Park et al., 2009). Hence, given these
discrepant theories, DTI and fMRI could be considered
complementary for the prognosis of pDoCs.

Besides the rs-fMRI limitations, this study has limitations.
First, the sample size of the study was relatively small, and
there was no distinction between prognostic predictors such
as different causes, disease courses, and lesion locations.
Second, the results showed some prognostic predictors of
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characteristic brain regions and white matter fiber tracts, but
the mechanism cannot be fully explained, and some brain
regions, for example, the classic PCC and precuneus ReHo,
have different enhancements and weaknesses. Finally, the
results were based on the group level, not the individual
level. Future research also needs to expand further the sam-
ple size of the patients with different levels of conscious-
ness, conduct long-term follow-up, and regularly check
fMRI and DTI data to distinguish the relationship between
the brain function and structural changes and prognosis of
pDoCs patients with different causes, courses, and lesions.
The method of level statistics has been further developed
into multimodal neuroimaging technology to predict the
prognosis of patients with pDoCs at the individual level.

Conclusions

In conclusion, although patients with pDoCs have strong
predictors of poor prognosis, they may regain consciousness
after a long recovery period. The accurate initial diagnosis
and long-term regular follow-up of patients with pDoCs
are essential for predicting results. The preservation of the
dominant hemisphere, left insula, and cerebellum might be
important targets for improving the patient’s level of con-
sciousness. Damage to the cerebral cortex impacts the pyra-
midal tract, and non-cerebral structures also play a key role
in consciousness. The brain function activity and structural
remodeling of the key brain regions of the DMN and the
activation level of the cerebellum are correlated with clini-
cal behaviors and have potential application value for the
prognosis prediction of pDoCs patients. Hence, multimodal
imaging using DTI and rs-fMRI could be used to determine
the prognosis of patients with DoCs.
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