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Abstract

tensor imaging (DTI) for the DOC patients.

scores, particularly in the thalamus.

higher the MD value and the lower the FA value.

Background: With the development of emergency and intensive medical technologies, the survival rate of
traumatic brain injury has greatly increased. More and more patients have been converted from severe coma to
alleviated state of consciousness, which can be subsequently classified within the framework of disorders of
consciousness (DOC). We investigated the clinical application and characteristics of imaging indicators of diffusion

Methods: DTl was performed on a total of 75 cases with a clinical diagnosis of DOC from January 2014 to
December 2015 in Beijing Tiantan Hospital and PLA Army General Hospital (including 66 cases of unresponsive
wakefulness state (UWS) patients and 9 cases of minimally conscious state (MCS) patients). The data for the imaging
indicators, such as fractional anisotropy (FA) and mean diffusivity (MD), were separately collected from three
relevant regions of interest (ROIs): brainstem, thalamus, and subcortex. The indicators of two groups with different
conscious states were statistically analyzed, and correlation analyses were conducted for the mean values of FA and
MD in the ROIs evaluated through clinical Coma Recovery Scale-Revised (CRS-R) scores.

Results: The FA value of the UWS group was evidentially lower than that of the MCS group (P < 0.05), while the
MD value of the UWS group was higher than that of the MCS group (P < 0.05); the difference was statistically
significant. The FA and MD values in the ROIs (locations: brainstem, thalamus, and subcortex) correlated with CRS-R

Conclusion: DTl has a certain clinical reference value for DOC imaging grading. The more severe the DOC, the

Keywords: Diffusion tensor imaging, Unresponsive wakefulness state, Minimally conscious state, Evaluation

Background

With the development of emergency and intensive med-
ical technologies, the survival rate of craniocerebral in-
jury has greatly improved. Accordingly, much more
patients with severe coma have been converted from se-
vere coma to alleviated state of consciousness, which can
be subsequently classified within the framework of
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disorders of consciousness (DOC) in variety of degrees
[1]. The morbidity of DOC patients in China is over than
100,000 per year, associated an expenditure up to 30-50
billion yuan in health care. It leads to conflict social con-
troversy related to economic and ethical issues [2].

DOC can be classified into different levels including
unresponsive wakefulness syndrome (UWS) and Minim-
ally conscious state (MCS). UWS refers to a patient who
is unresponsive to external stimuli with wakefulness
state (with open eyes) [3]. MCS refers to the patient with
detectable signs of fluctuation in consciousness and re-
peatable non-reflex behavior [4]. Until now, the clinical
diagnosis of DOC mainly depends on grading scales,
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such as Coma Recovery Scale-Revised (CRS-R) and Glas-
gow Coma Scale (GCS). Studies have shown that the
misdiagnosis rate is as high as 43% between UWS and
MCS relying on those diagnostic and evaluating methods
[5]. This is mainly due to common concealment behav-
iors of DOC patients and the impact of the subjectivity
of factors in the evaluation, which in turn results in
inter-observer variability. Luaute et al [6] showed that
the long-term recovery of MCS patients was better than
that of UWS patients. Therefore, it is very important to
select an appropriate and sensitive evaluating method
for the early identification of these two status.

Diffusion tensor imaging (DTT) technology is an practical
method for detecting subtle changes in brain structure; it
is also a non-invasive method to observe the integrity of
the tissue structure in vivo and obtain the information of
fiber track, such as morphology, directions and myelin
changes, in cerebral white matter [7, 8]. The present study
had applied DTI technology to scan the selected regions of
interest (ROIs) (brainstem, subcortex, and thalamus) in
UWS and MCS patients individually, in the purpose of
obtaining the values of FA and MD, as an indicator of con-
scious level evaluation. The differences between the two
groups were compared to investigate the variations in
mean values of various indicators for patients in different
consciousness levels. The correlation between the parame-
ters in different ROIs and the CRS scores is expected to
have a further exploration of the clinical applications of
DTI technology in the diagnosis and grading of DOC.

Methods

1. Study participants
A total of 75 patients with a clinical diagnosis of
DOC in Beijing Tiantan Hospital and PLA Army
General Hospital were selected. The inclusive
criteria consist of: ) meeting the diagnostic criteria
for DOC (The multi-society Task Force on PVS. N
Engl ] Med 1994, Giacino JT, et al. Neurology. 2002);
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2 age of 18-60 years old, male or female; @) sudden
DOC for 2-4 weeks in a stable condition, with no
history of epilepsy; @ showing essentially intact
brain structure, with no hemorrhages >3 cm,
infarction and surgical lacuna; and & showing no
contraindications for magnetic resonance (MR)
scans. The exclusive criteria includes: (Dpatients
with contraindication of MRI scan; @patients with
intolerance of MRI scan; @dysphoria patient who
might cause MRI artifacts.

Sixty six cases were enrolled in the UWS group,
including 38 males and 28 females, with an age
range of 23-58 years and a mean age of 35.2 £

2.1 years; 9 cases were enrolled in the MCS group,
including 7 males and 2 females, with an age range
of 20-55 years and a mean age of 30.1 + 1.6 years
(shown in Table 1). Comparison of the two groups
revealed no statistically significant differences in
gender (y2 =0.031, P> 0.05) and age (t = 0.836,

P> 0.05). All patients underwent DTI examination.
We obtained approval of this study by the ethics
committee of the hospital, and all participants and
their families signed the informed consent form.

. Assessment scale

CRS-R scale was used to assess the consciousness
level of patients, containing six subscales on
auditory, visual, motor, oromotor, communication
(language) and arousal processes. Three physicians
conducted the assessment of each patient in the
awakening state separately. The average of the two
scores in the smallest difference was used as the
patient’s final score. If any one of the six subscales
reached the minimally conscious state, the patient
was assigned to the MCS group.

. Scanning method

A GE HD750 3.0 T superconductive MR scanner
(GE Co., USA) was used for conventional magnetic

Table 1 Detailed demographic and clinical characteristics of the 9 MCS patients

Patients Sex Age (year) Diagnose Etiology Time prior to scan (month) CRS-R (sub-scores)
#1 F 55 MCS TBI 5 12 (2-3-3-2-0-2)
#2 M 45 MCS HIE 9 10 (1-2-3-2-0-2)
#3 M 60 UWws HIE 4 6 (1-0-2-1-0-2)

#4 F 28 UWSs HIE 2 6 (1-1-1-1-0-2)

#5 M 36 UWws HIE 2 7 (0-2-2-1-0-2)

#6 M 35 UWs HIE 3 6 (1-0-2-1-0-2)

#7 M 32 UWs ICH 3 6 (1-0-2-1-0-2)

#8 M 46 UWws TBI 4 7 (1-1-3-1-0-1)

#9 M 34 Uws TBI 5 6 (1-1-2-1-0-1)

M male, F female, MCS minimally conscious state, UWS vegetative state, TBI traumatic brain injury, HIE hypoxic ischemic encephalopathy, ICH intracerebral
hemorrhage, CRS-R sub-scores auditory-visual-motor-oromotor —-communication-arousal
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resonance imaging (MRI): axial T1WT [repetition
time (TR)/echo time (TE) = 2000 ms/20 ms], T2W1
(TR/TE = 3000 ms/80 ms), Flair (TR/TE = 11000
ms/120 ms) sequence, and coronal T2W1I (TR/TE =
3000 ms/80 ms) turbo spin-echo sequence (TSE
sequence) scanning; sagittal TIWI (TR/TE = 2000 ms/
20 ms); sagittal thickness of 6.0 mm, axial thickness of
7.0 mm, coronal slice thickness of 6.0 mm, and layer
spacing of 0; and matrix 512 x 512 and scanning field
of view (FOV) = 220 mm x 220 mm. The DTI scan
was performed as follows: the scanning level was
parallel to the connection line before and after
scanning, with single-shot spin echo-echo planar
imaging (SE-EPI); TR/TE = 10000 ms/90 ms, and
FOV =256 mm x 256 mm x 120 mm; matrix = 128 x
128, and SENSE factor = 2; number of layers = 70,
layer thickness of 2 mm, and layer spacing of 0; and
15 non-linear directions, b value of 0, 800 s/mm?,

and a scanning time of 5 min.

4. Data processing

FiberTrak software was used for the DTI parameter
processing. The FA and MD values were measured
in the color tensor and B0 images at different layers.
The ROIs were selected to be the brainstem,
subcortex, and thalamus. An area corresponding to
each selected ROI was measured (ROI areas in the
range of 9-20 pixels), and the mean statistical value
was applied for the f test. The examination was
performed by two radiologists with more than five
years of experience. Averages were obtained for
continuous measurements of three adjacent layers.

5. Statistical methods

We used SPSS 19.0 software for the statistical
analysis. The measurement data are presented as
x+s. Analysis of variance (ANOVA) and t-tests were
performed to evaluate the average FA and MD
values between the two groups. Pearson linear
correlation analysis was performed to compare
the FA and MD values with the CRS-R scores.
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Differences with P < 0.05 were considered significant
results.

Results
1. Differences in the feature values of ROIs in different

consciousness levels.

The FA and MD values of ROI in brainstem,
subcortex, and thalamus were compared between
UWS and MCS groups. In UWS group, the FA
value in the subcortex was the highest, followed by
those in the thalamus and the brainstem, and the
difference was statistically significant (F = 7.050,

P =0.0011); the MD value in the thalamus was the
highest, with a statistically significant difference
between the subcortex and the thalamus (¢ = 2.425,
P =0.026). In the MCS group, the FA value in the
subcortex was the highest, followed by those in the
thalamus and the brainstem, and the difference was
statistically significant (F = 9.523, P =0.0105);

the MD value in the thalamus was the highest
(F=8.379, P=0.0017), with a statistically significant
difference between the brainstem and the thalamus
(£=2.306, P =0.309). Compared to the UWS group,
the FA values of the MCS group in all three ROIs
were significantly higher, especially in the brainstem,
with a statistically significant difference (Fig. 1). The
comparison of the MD values in the ROIs between
the UWS group and the MCS group (Fig. 2)
revealed that the MD value of the UWS group was
higher than that of the MCS group, especially in the
thalamus. These results are shown in Table 2.

. Correlation of the characteristic values of the key

regions and the CRS-R scores

The relationship coefficients of the FA and MD
values in the ROIs and the CRS-R scores were
calculated (Table 3) to prepare the scatter plots
and line graphs for the FA and MD values in the
corresponding regions with the CRS-R scores. The
FA value and the CRS-R score were positively
correlated; the CRS-R score increased with an

Fig. 1 Extraction skeleton calculated by FA values of participants
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Fig. 2 Comparison of the characteristic values in different ROIs for the UWS and MCS groups. a Comparison of the FA values in different ROls
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increasing FA value, and had an inverse correlation
with MD (Fig. 3).

Discussion

The morbidity of long-term UWS and MCS after serious
brain injury have increased significantly in recent de-
cades [9]. However, the existing grading scale showed up
some disadvantages in identifying the consciousness
levels of DOC patients [10]. Accurate assessment strat-
egies are urgently needed. In this circumstance, MRI
with different sequences is imported as a novel tech-
nique for DOC patients, with a purpose of overcome the
shortage of traditional sequences in evaluating the

consciousness level. In our study, FA and MD were dis-
covered as potential indicators of DOC patients’
assessment.

The reticular formations of the brainstem, thalamus,
and subcortex are all related to consciousness in differ-
ent degrees [11-13]. Therefore, this study selected these
three regions as the ROIs to investigate the application
value of DTI in imaging grading for DOC patients.

DTI can detect the diffusion direction of water mole-
cules and the diffusion degree in each direction. This
imaging technology is a special form of MR imaging,
which was developed and established based on diffusion-
weighted imaging (DWI). DTI has been widely used in
multiple studies on neurological diseases, such as brain

Table 2 Comparison of FA and MD in the ROIs between the UWS and MCS groups (X+s)

Group Number Brainstem Thalamus Subcortex
of cases FA value MD value FA value MD value FA value MD value
UWs 66 0.164 £ 0.0619 0.0012 +0.0003 0.1996 + 0.0650°"' 0.0019 £ 0.0003 0.2055 +0.0781°" 0.0015 +0.0003 2
MCS 9 02150 £ 0.0434 0.0010 + 0.0002 02457 +00591 ' 0.0016 + 0.0004"" 0.2639+00388"' 0.0013 £0.0003
t value 2.386 1.936 1.999 2.701 2197 2011
P value 0.020 0.047 0.049 0.009 0.031 0.048

Compared to the FA value of the brainstem @' P < 0.05; compared to the FA value of the thalamus 2 P < 0.05
Compared to the MD value of the brainstem ®' P < 0.05; compared to the MD value of the thalamus ®* P < 0.05
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Table 3 Correlations between the DTl parameters in ROIs and
CRS-R scores

ROI FA value MD value

R coefficient P value R coefficient P value
Brainstem 0.574 0.046 -0438 0.050
Thalamus 0.603 0.021 -0.555 0.041
Subcortex 0.640 0.037 -0.298 0.013

tumors, cerebral infarctions, and Alzheimer's disease. In
particular, DTT can detect the damage in white matter
fiber tracts caused by a variety of diseases [14].

The common indicators of DTI are FA, ADC (appar-
ent diffusion coefficient), and MD [15]. FA refers to the
ratio of the anisotropy of water molecules to the gross
diffusion tensor, which ranges from 0 to 1. The closer
the value is to 1, the higher degree of density of axon
myelination, suggesting higher white matter integrity
and less damage present in neurons and nerve fibers
[16]. Yi et al [6] found that while computed tomography
(CT) and MRI examinations for some patients with early
diffuse axonal injury (DAI) revealed no hemorrhage or
edema lesions, a DTI scan showed a decreased FA value
at the damage site, reflecting the sensitivity of DTI to
the changes in nerve fibers. In 2011, DTI began to be
used in DOC research. Studies have found that the FA
values in the thalamus of DOC patients were decreased
to varying degrees, suggesting that DTI was specific in
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identifying the two states of UWS and MCS [17, 18]. We
have now recognized the DTI's values in many brain
pathologies, including DOC. An interesting case report
on one 76-year-old man with UWS. He was examined
with DTI reported an early FA reduction in 11 white
matter regions that preceded macroscopic MRI and
postmortem neuropathological findings. Some other re-
searches focused on the similar ROlIs, investigated diffu-
sion alterations in the coma survivors of cardiac arrest.
Abnormally dynamic FA values could be found after in-
jury and predict unfavorable outcome with 94% sensitiv-
ity and 100% specificity.

Another study found that DTI could potentially distin-
guish UWS and MCS patients. Diffusion in MCS and
UWS patients appeared to differ significantly in subcor-
tical white matter and thalamic regions but appeared not
to differ that much in the brainstem. Compared with the
MCS group, the FA values of the UWS group were de-
creased, which may be due to increased permeability of
the cell membranes at the injury sites of the patients.
This increased permeability could lead to destruction of
the integrity of the nerve fiber myelin so that the move-
ment of water molecules was decreased in the axons and
enhanced in the vertical direction. The change is less se-
vere in MCS patients. Alternatively, the extent of the
damage in the white matter fiber tracts might have im-
proved in patients after recovering from UWS to MCS.

MD is another commonly used indicator in DTI,
reflecting the diffusion capacity of water molecules. MD
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Fig. 3 Correlations between CRS-R scores and the feature values of each ROI. a Correlations of the average FA values in the brainstem, thalamus,
and subcortex with the CRS-R scores; b Correlations of the average MD values in the brainstem, thalamus, and subcortex with the CRS-R scores
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decreases in aging patients and therefore is a potential
surrogate measurement for white matter maturation
[19]. In this study, two groups of patients with different
levels of DOC showed statistically significant differences
in their ROIs. As an explanation for this difference, in
comparison with the MCS group, the damage to the
ROIs of the brain tissue of the UWS patients was more
severe, and the patients were in deeper comas. This
minor difference cannot be distinguished via conven-
tional imaging examinations.

The DTI value of assessment were also found in some
recent multi-centric studies in traumatic and anoxic pa-
tients regarding 1-year outcome. Furthermore, the com-
bination of DTI and MRI spectroscopy has shown the
potential ability to predict long-term outcome of DOC
patients. Person correlation analysis also found that the
FA values and the clinical CRS-R scores were positively
correlated, especially in the thalamus, which may be due
to the importance of the non-projection system in these
regions for the arousal and consciousness state of the
brain, which shows the closest relationship with the
CRS-R score. The MD values and CRS-R scores in the
ROIs showed a negative correlation; that is, the smaller
the MD value was, the lower the severity of brain dam-
age. Thus, to some extent, the changes in DTI indicators
can reflect the consciousness level of DOC patients and
whether the consciousness level improves.

Conclusion

In conclusion, using DTI technology, in DOC patients,
the degrees of damage to the nerves and the white mat-
ter can be detected at a high level of sensitivity, and the
recovery of the nerve fibers can be determined early
[20]. By measuring each indicator, the extent of damage
can be quantified. Therefore, as an important supple-
ment technique and assessment tool, DTI technology
can provide an objective and accurate evaluation of the
state of consciousness for the patients to reduce the
rates of misdiagnosis and delayed diagnosis with a cer-
tain clinical reference value and can add significance to
further research. However, it should be noted that the
number of patients in the MCS group in this study was
relatively small. The correlations between the indicators
and the state of consciousness and the CRS-R need to
be further investigated using a larger sample size.
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