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Abstract

Introduction: This study investigated the relationship between Coma Recovery Scale-Revised (CRS-R) and the neural networks between
the medial prefrontal cortex (mPFC) and precuneus (PCun)/posterior cingulate cortex (PCC) in disorders of consciousness (DOC) patients
with a traumatic brain injury (TBI) using diffusion tensor tractography (DTT). Measures: Twenty-five consecutive patients with TBI
admitted to the rehabilitation department of a university hospital were enrolled in this study. The Coma Recovery Scale-Revised (CRS-
R) was used to evaluate the consciousness state. The pathway of the neural networks between the mPFC and the PCun (mPFC-PCun
DMN)/PCC (mPFC-PCC DMN) were reconstructed using DTT. Fractional anisotropy (FA) and the tract volume (TV) were obtained to
assess the diffusion tensor imaging parameters. Results: The CRS-R score had strong positive correlations with the FA value and TV of
the mPFC-PCun DMN (p < 0.05), while it showed a moderate positive correlation with the TV of the mPFC-PCC DMN (p < 0.05). In
addition, the FA value of the mPFC-Pcun DMN showed that it could explain the variability in the CRS-R score. Conclusions: The close
correlation was noted between the consciousness state and the mPFC-PCun DMN and mPFC-PCC DMN in DOC patients with TBI. On
the other hand, the mPFC-PCun DMN appeared to be more closely correlated with the consciousness state than the mPFC-PCC DMN.
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1. Introduction

Traumatic brain injury (TBI) is a major cause of neu-
rological disability in adults [1,2]. Disorders of conscious-
ness (DOC) is a common and serious sequela after TBI;
approximately half of patients in a vegetative state at one
month after TBI remain vegetative until one year after on-
set [1,2]. Therefore, the elucidation of neural correlates for
consciousness is clinically important for managing patients
with DOC after TBI because this information can be useful
for predicting the prognosis prediction and guideline devel-
opment for neurorehabilitation. In particular, recently de-
veloped non-invasive brain stimulation therapies, such as
transcranial direct current stimulation or repetitive transcra-
nial magnetic stimulation, can be applied to specific neural
structures to promote the recovery of DOC [3,4].

Consciousness consists of arousal and awareness of
oneself and the environment [5,6]. The neural network for
the control of consciousness is not understood completely,
but it was controlled by a complicated series of complex ac-
tions involving various neural structures, including the de-
fault mode network (DMN), frontoparietal network, fron-
tostriatal network, thalamocortical network, and ascending
reticular activating system [7—10]. The DMN is a specific
brain network that is preferentially active when individu-
als are not focused on the external environment [11]. Four
areas of the DMN are considered important for conscious-

ness: the medial prefrontal cortex (mPFC), temporoparietal
junction, precuneus (PCun), and posterior cingulate cortex
(PCC) [12—16]. The mPFC has been reported to be an im-
portant neural area for recovering DOC, and PCun and PCC
play a pivotal role in consciousness [17,18]. As aresult, the
networks between the mPFC and PCun/PCC (the mPFC-
PCun/PCC DMN) play an important role in consciousness
[13-16,19].

Several studies have reported the relationship between
the consciousness state and functional connectivity of the
mPFC-PCun/PCC DMN in patients with DOC following
various brain pathologies, including TBI using resting-
state functional magnetic resonance imaging (fMRI) and
positron emission tomography [20,21]. By contrast, the re-
lationship between the consciousness state and structural
connectivity of the mPFC-PCun/PCC DMN is unclear in
patients with DOC [15]. This study hypothesized that the
consciousness state would be correlated with the structural
connectivity of the mPFC- PCun/PCC DMN in DOC pa-
tients with TBI. Furthermore, the correlation with the con-
sciousness state would be different between the structural
connectivity of the mPFC-PCun DMN and mPFC-PCC
DMN because the functions of the PCC and PCun are differ-
ent. PCun is involved in conscious information processing
and self-consciousness [17,22,23]. By contrast, PCC was
reported to be involved in autonomic arousal and aware-
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Patient 1 Patient 2

A normal subject

Fig. 1. Results of diffusion tensor tractography (DTT) of the neural networks between the medial prefrontal cortex (mPFC) and

precuneus (PCun)/posterior cingulate cortex (PCC) in a representative subjects (patient 1: 26-year old male, patient 2: 41-year

old male) and normal subject. (A) T2-weighted brain magnetic resonance images were obtained at the time of the diffusion tensor
imaging. (B) Results of DTT of the mPFC-PCun/PCC DMN. The mPFC-PCun/PCC DMN in patient 1 (pink arrow) had a lower tract
volume than that in patient 2 (yellow arrow). (C) Results of DTT of the mPFC-PCun/PCC DMN in a normal subject.

ness, monitoring for behaviorally relevant stimuli and en-
vironmental changes [24-26].

In this study, we investigated the relationship between
the consciousness state and the mPFC-PCun/PCC DMN in
DOC patients with TBI using diffusion tensor tractography
(DTT).

2. Methods
2.1 Subjects

Twenty-five consecutive patients (nineteen males, six
females; mean age 47.92 + 16.56 years; range 20—79 years)
with TBI admitted to the rehabilitation department of a uni-
versity hospital were enrolled in this study. The patients
were recruited according to the following inclusion criteria:
(1) first-ever TBI, (2) age at the time of head trauma (20—
79 years), (3) DTT scanning obtained during the chronic
stage (more than three months after the onset of TBI), and
(4) no prior history of TBI or neurological/psychiatric dis-
eases. This study was conducted retrospectively, and the
institutional review board of a university hospital approved
the study protocol.

2.2 Clinical Evaluation

The Coma Recovery Scale-Revised (CRS-R) was
used to evaluate the consciousness state on the day of DTT
scanning [27,28]. This is a standardized assessment scale
consisting of six subscales: auditory, visual, motor, oromo-
tor/verbal, communication and arousal functions [27,28].
The CRS-R is commonly used because it is the most com-
prehensive, evidence-based behavioral assessment for de-
tecting the signs of consciousness in patients recovering
from coma [27,29]. The validity and reliability of CRS-R
are well established [3].

2.3 Diffusion Tensor Imaging

The DTT data were acquired at an average of 11.52
=+ 15.44 months after head trauma onset using a 6-channel
head coil on a 1.5 T Philips Gyroscan Intera (Philips, Ltd.,
Best, the Netherlands), and single-shot echo-planar imag-
ing was provided. For each of the 32 noncollinear diffusion-
sensitizing gradients, 67 contiguous slices parallel to the
anterior commissure-posterior commissure line were ob-
tained. The imaging parameters were as follows: acquisi-
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tion matrix = 96 x 96; reconstructed to matrix = 192 x 192
matrix; field of view = 240 mm x 240 mm; TR = 10,398
ms; TE = 72 ms; parallel imaging reduction factor (SENSE
factor) = 2; EPI factor = 59; b = 1000 s/mm?; NEX = I;
slice thickness = 2.5 mm.

2.4 Probabilistic Fiber Tracking

The Oxford Centre for Functional Magnetic Reso-
nance Imaging of the Brain (FMRIB) Software Library
(https://www.fmrib.ox.ac.uk/fsl) was used to analyze the
DTT data. Affine multi-scale two-dimensional registration
was used to correct the head motion effects and image dis-
tortion due to the eddy current. FMRIB Diffusion Software
with the routines option (0.5 mm step lengths, 5000 stream-
line samples, and curvature thresholds = 0.2) was used for
fiber tracking.

The pathway of the neural networks between the
mPFC and the PCun/PCC was determined by the selec-
tion of fibers passing through seed regions of interest (ROI)
and the target ROI. The seed ROI was placed on the
mPFC (Brodmann’s areas 14, 24, 25, and 32)—the supe-
rior boundary: the cingulate sulcus, the medial boundary:
the midline between the right and left hemispheres, and lat-
eral boundary: a line 11.25 mm lateral from the midline
[1]. The target ROIs were placed on the PCun and the PCC
[2]. Of the 5000 samples generated from the seed voxel, the
results were visualized at the threshold of two streamline
through each voxel for analysis. The fractional anisotropy
(FA) values and tract volumes (TV) for the neural networks
between the mPFC and the PCun/PCC were determined in
both hemispheres (Fig. 1).

2.5 Statistical Analysis

Statistical analysis was performed using SPSS 21.0
for Windows software (SPSS, Chicago, IL, USA) and SAS
9.4 (SAS institute, Cary, NC, USA). Spearman correla-
tion analysis was used to detect the correlation between the
CRS-R scores and DTT parameters (FA value and TV) of
the neural networks between the mPFC and the PCun/PCC.
A p-value was <0.05 was considered significant. The cor-
relation coefficient (» value) was interpreted as strong when
>0.50, as moderate when between 0.30 and 0.49, weak
when between 0.10 and 0.29 [30]. Robust regression analy-
sis using M-estimation was performed to determine the con-
tribution of the DTT parameters of the neural networks be-
tween the mPFC and the PCun/PCC in the CRS-R scores.
A p-value was <0.05 was considered significant.

3. Results

Table 1 lists the correlations between the CRS-R score
and DTT parameters for the mPFC and the PCun/PCC
DMN. The CRS-R score had a strong positive correlations
with the FA value and TV of the mPFC-PCun DMN (FA: r
=0.725,p < 0.05; TV: r=0.577, p < 0.05) while it showed
a moderate positive correlation with TV of the mPFC-PCC
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Table 1. Correlations between the Coma Recovery
Scale-Revised scores and diffusion tensor tractography
parameters for the neural networks between the mPFC and
the PCun/PCC.

mPFC-PCun mPFC-PCC
FA vV FA ™V
r 0.725 0.577 0.396 0.447
Total
<0.001*  <0.001*  0.05 0.03*

CRS-R, Coma Recovery Scale-Revised; mPFC, medial
prefrontal cortex; PCun, precuneus; PCC, posterior cingu-
late cortex; FA, fractional anisotropy; TV, tract volume.
*Significant correlation between the Coma Recovery Scale-
Revised scores and diffusion tensor tractography parame-
ters, p < 0.05.

DMN (7 = 0.447, p < 0.05). On the other hand, no sig-
nificant correlations were observed between the FA value
of the mPFC-PCC DMN and the CRS-R score (p > 0.05).
Detailed clinical characteristics and distributions of DTT
parameters of the patients are listed in the Supplementary
Table 1.

Table 2 lists robust regression results of the variables
contributing to the CRS-R score. Robust regression analy-
sis for the CRS-R score showed that the regression model
was statistically significant (p < 0.05). The CRS-R score
showed a positive correlation with the FA value of the
mPFC-PCun DMN (Estimate = 41.238, p < 0.05) (Fig. 2).

4. Discussion

In this study, DTT was performed to examine the
relationship between the CRS-R score and the mPFC-
PCun/PCC DMN in DOC patients with TBI. The following
results were obtained. (1) The CRS-R score had close cor-
relations with the DTT parameters of the mPFC-PCun/PCC
DMN (FA of mPFC-PCun DMN; strong [» = 0.725], TV of
mPFC-PCun DMN; strong [r = 0.577], and TV of mPFC-
PCC DMN; moderate [r = 0.447]). (2) The regression be-
tween the CRS-R score and the DTT parameters of the
DMN: FA value of the mPFC-PCun DMN was a predic-
tor describing the variability of the CRS-R score. On the
other hand, the parameters of the mPFC-PCC DMN did not
explain the variability of the CRS-R score.

Among the various DTT parameters, the FA value and
TV are used to evaluate the status of neural tracts in patients
with TBI [31]. FA value indicates the degree of direction-
ality of water diffusion and the integrity of white matter
microstructures, such as axons, myelin, and microtubules.
This reflects the fiber density, axonal diameter, and myeli-
nation of the white matter [32,33]. TV represents the to-
tal number of voxels within a neural tract, which is deemed
representative of the number of neural fibers within the neu-
ral tract [32,33]. Consequently, the CRS-R score correlated
with the DTT parameters of the mPFC-PCun/PCC DMN
(FA of and TV of mPFC-PCun DMN; strong, TV of mPFC-
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Table 2. Robust Regression Analysis for the Coma Recovery Scale-Revised scores and diffusion tensor tractography

parameters.
. . 95% Confidence Intervals
CRS-R  Variables (DTT parameters)  Estimate  Standard error p-values  R-square
Minimum Maximum
Intercept 5.888 3.510 -0.992 12.768 0.094
FA value of mPFC-PCun 41.238 12.1686 17.3879 65.088 0.001*
Total TV value of mPFC-PCum 0.002 0.0013 —0.0006 0.005 0.129 0.561
FA value of mPFC-PCC -11.6189 12.6237 -36.361 13.123 0.357
TV value of mPFC-PCC 0.0042 0.0035 —-0.0027 0.011 0.231

CRS-R, Coma Recovery Scale-Revised; DTT, diffusion tensor tractography; VIF, variance inflation factor; SE, standard
error; FA, fractional anisotropy; mPFC, medial prefrontal cortex; PCun, precuneus.
*: significant result analyzed by multiple linear regression, p < 0.05.

mPFC-PCun

mPFC-PCC

Fig. 2. Scatter plots showing the correlation of the Coma Recovery Scale-Revised (CRS-R) scores and diffusion tensor tractogra-
phy (DTT) parameters of the neural networks between the medial prefrontal cortex (mPFC) and the precuneus (PCun)/posterior
cingulate cortex (PCC) [fractional anisotropy (FA) and tract volume (TV)]. The CRS-R score showed a positive correlation with the
FA value of the mPFC-PCun DMN.

PCC DMN; moderate) suggested that the microstructural other hand, the mPFC-PCun DMN was correlated more
integrity and fiber numbers of mPFC-PCun DMN, and the closely with the CRS-R score than the mPFC-PCC DMN.
microstructural integrity of mPFC-PCC DMN were closely ~ Robust analyses of the DTT parameters of the mPFC-PCun
correlated with the CRS-R score of the patients. On the =~ DMN for the consciousness state showed that the FA value

&% IMR Press


https://www.imrpress.com

of the mPFC-PCun DMN was a predictor for describing the
variability of the CRS-R scores, suggesting that that the mi-
crostructural integrity of the mPFC-PCun DMN influenced
the CRS-R scores.

Several studies have reported the relationship between
the CRS-R and the functional connectivity of the DMN in
patients with DOC [20,21]. Athena Demertzi et al. [21]
reported a significant correlation between the CRS-R score
and mPFC-PCC DMN in acute/chronic patients with DOC
after severe brain injury (TBI and hypoxic brain injury, us-
ing resting-state fMRI and positron emission tomography).
In 2016, Lant et al. [20] using resting-state fMRI, reported
that the CRS-R score correlated with the functional connec-
tivity of the mPFC Pcun/PCC DMN in chronic DOC pa-
tients with various brain pathologies (TBI, hypoxic brain
injury, stroke, and seizure). Regarding the structural con-
nectivity, this study examined the relationship between the
CRS-R and mPFC PCun and reported no significant corre-
lation in DOC patients with brain injury (TBI and hypoxic
brain injury) [15]. On the other hand, the number of pa-
tients included was too small (eight patients). To the best
of the authors’ knowledge, this is the first study to demon-
strate the relationship of the CRS-R with mPFC PCun and
PCC in DOC patients with TBI using DTT.

This study had some limitations. First, DTT analy-
sis is operator-dependent and can induce false-positive and
false-negative results due primarily to crossing fibers or the
partial volume effect [34]. Second, a relatively small num-
ber of subjects. Third, only the CRS-R score was used to
evaluate the consciousness state because this study was con-
ducted retrospectively. Fourth, heterogenous duration be-
tween onset and DTI scanning (11.52 &+ 15.44 months after
onset) is a limitation although we recruited only chronic pa-
tients (more than three months after onset). Fifth, we anal-
ysed only two tracts of the DMN among various neural net-
works for control of consciousness [13-16,19]. As a re-
sult, further studies including larger number of subjects and
analysing other neural networks for control of conscious-
ness should be encouraged; especially the neural networks
including the thalamus which is a center for control of con-
sciousness such as the thalamo-prefrontal connection [35—
37].

5. Conclusions

This study observed a close correlation of the con-
sciousness state with the mPFC-PCun DMN and mPFC-
PCC DMN in DOC patients with TBI. On the other hand,
the mPFC-PCun DMN was correlated more closely with the
consciousness state than the mPFC-PCC DMN. These re-
sults suggest that the mPFC-PCun DMN and mPFC-PCC
DMN could be important neural correlates for conscious-
ness in DOC patients with TBI. In addition, these results
could be useful for neurorehabilitation for DOC. Recently
developed neuro-stimulation techniques, such as repetitive
transcranial magnetic stimulation and transcranial direct
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current stimulation, could be applied to the mPFC-PCun
DMN (primary target) and mPFC-PCC DMN (second tar-
get) for the recovery of DOC. Further studies on this topic
will be needed.
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