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Abstract
Previous studies have suggested that white matter disruption plays an important role in disorders of consciousness (DOC) 
after severe brain injury. Nevertheless, the integrity of white matter architecture supporting consciousness and its relations 
with clinical severity in patients with DOC remain to be established. In this study, diffusion tensor imaging (DTI) data was 
collected from 14 DOC patients and 15 healthy control subjects. We combined tract-based spatial statistics (TBSS) with 
region of interest (ROI) analysis to examine differences of DTI metrics on white matter skeletons between DOC patients 
and healthy controls, and the association between white matter integrity and patients’ residual consciousness assessed by 
Coma Recovery Scale-Revised (CRS-R). We found that: (1) patients with DOC had widespread white matter integrity dis-
ruptions, especially in the fornix; (2) the alteration of white matter microstructure was mainly attributed to the increase in 
radial diffusivity, possibly reflecting demyelination; (3) the behavioral CRS-R assessment score was positively correlated 
with white matter integrity in the fornix, uncinate fasciculus, pontine crossing tract, and posterior limb of internal capsule. 
Our results suggest that despite the widespread abnormalities of white matter following severe brain injury, the impairment 
of consciousness is likely to result from disruptions of key pathways that link brain regions in distributed networks.

Keywords  Disorder of consciousness · Diffusion tensor imaging · Tract-based spatial statistics · Fornix · Coma Recovery 
Scale-Revised

Introduction

Patients in disorders of consciousness (DOC), involving veg-
etative state (VS) and minimally conscious state (MCS), are 
characterized by no or minimal awareness of themselves and 
the environment following an acquired severe brain injury 
(Giacino et al. 2002; Laureys et al. 2004). To date, clinical 
diagnosis of patients with DOC remains a critical challenge, 
due to that their behavioral responses may be quite limited or 
inconsistent. Recent advances in neuroimaging techniques 
provide exciting new opportunities to accurately assess lev-
els of consciousness and residual functional capacity for 
patients with DOC (Giacino et al. 2014; Owen 2014).

A theoretical framework based on information theory 
suggests that consciousness depends on the brain’s capac-
ity for information integration (Tononi 2008, 2012). Dis-
ruption of white matter tracts after severe brain injury, 
which results in the inability to transfer information 
between brain regions, has been described in both animal 
models (Gennarelli et al. 1982) and human studies (Adams 
et al. 2000). Diffusion tensor imaging (DTI) is a powerful 
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non-invasive MRI technique that enables investigations of 
white matter microstructures and integrity in vivo (Basser 
and Pierpaoli 1996). With this technique, metrics such as 
fractional anisotropy (FA) and mean diffusivity (MD) can 
be derived to quantify the degree of white matter disrup-
tion (Le Bihan et al. 2001). Moreover, changes in axial 
and radial diffusivities are shown to be primarily related 
to axonal damage and demyelination, respectively (Song 
et al. 2003). Thus, DTI provides information not only 
on lesion localization but also on the pathophysiologic 
mechanisms of white matter damage in patients with DOC.

A number of DTI studies have been carried out to identify 
white matter alterations in patients with DOC. These stud-
ies have found significant impairment of white matter tracts 
connecting striatum, thalamus, frontal cortex, and parietal/
occipital/temporal cortex (Lant et al. 2016; Newcombe et al. 
2010; van der Eerden et al. 2014; Weng et al. 2017). Other 
studies have attempted to distinguish different conscious-
ness levels (e.g., VS and MCS) based on diffusion charac-
teristics (Fernández-Espejo et al. 2012; Fernandez-Espejo 
et al. 2011; Zheng et al. 2017), or to correlate DTI results 
with injury severity and clinical outcome (Newcombe et al. 
2011; Perlbarg et al. 2009; Rutgers et al. 2008). The find-
ings suggest that DTI could provide valuable biomarkers for 
DOC and shed light on the neural correlates of conscious-
ness (Cavaliere et al. 2014). However, the region of interest 
(ROI) approach was typically employed for data analysis 
of previous work. As consciousness is likely to depend 
on distributed network function, a prior knowledge about 
structural causes of impaired consciousness is not readily 
available. Besides, the relationship between white matter 
integrity and residual consciousness in patients with DOC 
should be further elucidated.

In our present work, we combined tract-based spatial sta-
tistics (TBSS) with ROI-wise analysis to study the relation-
ships between distributed white matter damage and impaired 
consciousness in patients with severe brain injury. As a fully 
automated whole-brain analysis approach, TBSS involves 
“skeletonization” of the white matter and focuses on the 
centers of the tracts (Smith et al. 2006), which can improve 
the sensitivity, objectivity, and interpretability of analysis 
of multi-subject diffusion imaging, and limit the impact of 
brain atrophy-related partial volume effects after prolonged 
brain injury. Recently, a few WM atlases (e.g., the ICBM-
DTI-81 WM labels atlas) have been proposed (Mori et al. 
2008). These WM atlases in the standard space parcellate the 
entire WM into multiple labeled ROIs, allowing for evalua-
tion of the correlations between diffusion changes in specific 
tracts and patients’ residual consciousness assessed by Coma 
Recovery Scale-Revised (CRS-R) (Giacino et al. 2004). Our 
hypothesis was that increased disruption in specific white 
matter tracts will be associated with greater impairment of 
consciousness.

Materials and methods

Participants

The overall research protocol was approved by the Institu-
tional Review Board at the PLA Army General Hospital. 
Informed consent was obtained from the patients’ legal 
guardians and normal control subjects. Forty-one patients 
with DOC and 20 normal controls (NC) were enrolled 
in the study. All the patients were recruited at least two 
months post-insult (average 4.1 months). Subjects in the 
control group had no history of neurological or systemic 
illness, head injury, and drug or alcohol abuse (intake). 
Subjects who had excessive head motion during imaging 
or were unable to complete the MRI scan were excluded 
from the analysis. Patients with serious brain atrophy or 
deformation were also excluded from this study to mini-
mize the registration errors to the standard brain space. 
As a result, 14 patients (6 men and 8 women; mean age, 
43.6 ± 13.4 years) and 15 healthy control subjects (4 men 
and 11 women; mean age, 34.4 ± 11.8 years) were eligible 
for analysis. The two groups were not significantly differ-
ent in terms of age (t = 3.92, p = 0.06) or sex (χ2 = 0.36, 
p = 0.45).

Detailed information about the demographic and clini-
cal characteristics of the patients is shown in Table 1. The 
etiologies of DOC included hypoxic-ischemic encepha-
lopathy (HIE) in six patients, intracranial hemorrhage 
(ICH) in two patients, and traumatic brain injury (TBI) in 
six patients. The diagnoses included eleven cases of veg-
etative state (VS) and three cases of minimally conscious 
state (MCS). Coma Recovery Scale-Revised (CRS-R) was 
used to evaluate the patients’ level of consciousness on the 
day of MRI scanning (Giacino et al. 2004). The diagnosis 
in this study was made by experienced physicians accord-
ing to the CRS-R scale. The examiner was experienced 
and blind to the imaging data. The assessment explored 
various sensory and cognitive aspects, including auditory, 
visual, verbal and motor functions, as well as communica-
tion and arousal levels, with the total score ranging from 
‘0’ (worst) to ‘23’ (best).

MRI acquisition protocol

All the subjects underwent the same brain MR imaging 
protocol, performed on a GE 3.0 T MR scanner (Gen-
eral Electric Medical System, Milwaukee, WI) using an 
8-channel head coil. DTI images were collected by using 
a single-shot, diffusion-weighted echo-planar imaging 
sequence with the following scan parameters: repetition 
time (TR) = 9000 ms; echo time (TE) = 80 ms; field of 
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view (FOV) = 256 mm × 256 mm; slice thickness = 2 mm; 
flip angle (FA) = 90°; matrix size = 128 × 128; 75 axial 
slices; 64 diffusion weighted directions with a b value 
of 1000s/mm2, and 3 images with a b value of 0 s/mm2. 
High-resolution T1-weighted anatomical images were 
acquired using a 3D fast spoiled gradient-echo (FSPGR) 
sequence with the following parameters: TR = 8.16 ms; 
TE = 3.18 ms; FOV = 256 mm × 256 mm; FA = 7°; voxel 
size = 1 mm × 1 mm × 1 mm, 188 sagittal slices.

DTI image preprocessing

The preprocessing of DTI data was carried out using the 
FMRIB Software Library (FSL 5.0.8, http://www.fmrib.
ox.ac.uk/fsl). The diffusion-weighted images were coregis-
tered to the b0 image using an affine transformation for the 
correction of head motion and eddy current induced image 
distortion. The gradient table information was corrected 
for rotations (Leemans and Jones 2009). Non-brain regions 
were removed from the original b0 images using the Brain 
Extraction Tool (BET). Diffusion tensors were then recon-
structed by fitting a diffusion tensor model at each voxel 
of the diffusion images, and the diffusion tensor metrics 
were generated for each subject, including FA, MD, axial 
diffusivity (λ1), and radial diffusivity (λ23). Because field 
maps were not acquired in this study, a 2-step process was 
used to reduce the inherent susceptibility-induced spatial 
distortions in EPI-based acquisitions. First, the b0 images 
were linearly coregistered into the same geometric space 
as the FLAIR images by using the FMRIB Linear Image 
Registration Tool (FLIRT). The images were then nonlin-
early coregistered by using the Advanced Normalization 

Tools package (ANTs). These two transformations were 
then applied to each of the DTI outputs so that all the sca-
lar measurements were resampled into the native FLAIR 
geometric space.

Voxel‑wise TBSS analysis

Whole-brain voxel-wise differences between the DOC 
subjects and healthy controls were studied using TBSS 
(Smith et al. 2006). First, FA data of all the subjects was 
transformed into the FMRIB58_FA standard-space image 
(1 × 1 × 1 mm MNI152 space) by means of nonlinear reg-
istration. Then, the transformed FA images were averaged 
to generate a mean FA image which was subsequently skel-
etonized, representing tracts common to all of the subjects. 
In order to prevent the inclusion of non-skeleton voxels, each 
subject’s aligned FA map was mapped onto the “mean FA 
skeleton” using a lower threshold of FA of 0.2 in order to 
exclude gray matter voxels. The approach of carefully tuned 
non-linear registration, followed by a creation of a mean FA 
skeleton intends to face the cross-subject spatial variability 
effect. The nonlinear warps and skeleton projection stages 
were then repeated using data for MD, λ1, and λ23.

In this study, we used two-sample nonparametric t-tests 
to obtain group differences between the DOC and control 
groups, with age and sex as covariates. The voxel-wise non-
parametric testing was performed using Randomise in FSL 
(with 5000 permutations). All statistical maps were family-
wise error (FWE) corrected using p < 0.05, based on the 
threshold-free cluster enhancement (TFCE) statistic image 
(Smith and Nichols 2009).

Table 1   Detailed demographic 
and clinical characteristics of 
the 14 patients

M, male; F, female; MCS, minimally conscious state; VS, vegetative state; TBI, traumatic brain injury; 
HIE, hypoxic-ischemic encephalopathy; ICH, intracranial hemorrhage; CRS-R sub-scores: auditory–vis-
ual–motor–oromotor–communication

Patients Sex Age (year) Diagnosis Duration 
(month)

Etiology CRS-R (sub-scores)

#1 F 55 MCS 5 TBI, diffuse axonal injury 7 (1-2-1-1-0-2)
#2 M 45 VS 9 HIE, aspiration 5 (0-0-2-1-0-2)
#3 F 60 VS 4 HIE, anesthetic accident 6 (1-0-2-1-0-2)
#4 F 28 VS 2 HIE, cardiopulmonary arrest 6 (1-1-1-1-0-2)
#5 M 36 VS 2 HIE, aspiration 7 (0-2-2-1-0-2)
#6 F 35 VS 3 HIE, subarachnoid hemorrhage 6 (1-0-2-1-0-2)
#7 F 32 VS 3 ICH, right frontal lobe 6 (1-0-2-1-0-2)
#8 M 46 VS 4 TBI, right parietal lobe 7 (1-1-3-1-0-1)
#9 M 34 VS 5 TBI, diffuse axonal injury 6 (1-1-2-1-0-1)
#10 M 39 VS 4 TBI, diffuse axonal injury 6 (1-0-2-1-0-2)
#11 F 68 MCS 5 TBI, right basal ganglia 8 (1-1-3-1-0-2)
#12 M 23 MCS 7 HIE, cardiopulmonary arrest 10 (2-3-2-1-0-2)
#13 F 58 VS 3 TBI, left frontal temporal lobe 5 (0-0-2-1-0-2)
#14 F 52 VS 2 ICH, bilateral basal ganglia 6 (1-0-2-1-0-2)
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ROI‑wise statistical analysis

To investigate the diffusion changes in specific tracts, the 
ICBM-DTI-81 WM labels atlas was used to parcel the entire 
WM into 48 regions of interest (ROIs), which were used 
for the ROI-wise statistical analysis (Mori et al. 2008). The 
regional FA data was calculated by averaging the values 
within each region of the WM atlas. Two-sample t-tests 
were performed to compare the resultant ROI-based data 
between the DOC and control groups. Moreover, in the DOC 
group, linear regression analysis was used to evaluate the 
correlation between the ROI-based FA values and CRS-R 
scores. Age and sex were treated as covariates in the sta-
tistical analysis. This analysis was applied to all 48 atlas-
based ROIs respectively, and a false discovery rate (FDR) 
procedure was performed at a q value of 0.05 to correct for 
multiple comparisons.

The patients experienced different types of etiology. We 
further conducted an exploratory mediation analysis (Baron 
and Kenny 1986) to examine whether etiology might influ-
ence the relationships between the ROI-based FA values 
and CRS-R scores. Let x, y, and z denote FA, etiology type, 
and CRS-R total score, respectively. The etiology type was 
modeled as 0–1 covariates (0: TBI; 1: non-TBI). To test 

for mediation, the following regression models were esti-
mated: first, regressing the etiology type on the FA value 
(y = β1x + e, where e denotes the random error); second, 
regressing the CRS-R score on the FA value (z = β2x + e); 
and third, regressing the CRS-R score on both the FA value 
and on the etiology type (z = β3x + β4y + e).

Results

Widespread whiter matter disruption in DOC

Voxel-wise TBSS analysis results of FA, MD, λ1 and λ23 dif-
ferences between the DOC patients and healthy controls are 
shown in Fig. 1. Significantly decreased FA was observed 
in widespread WM tracts in DOC patients compared with 
control subjects. Meanwhile, the same contrast also showed 
higher MD and λ23 for the patients in almost the whole WM 
skeleton. The between-group differences for λ1 were less 
extensive but still marked. Elevated λ1 in the patient group 
was seen in several tracts including the anterior, superior, 
and posterior corona radiate, posterior thalamic radiation, 
external capsule, retrolenticular part of internal capsule, and 
superior longitudinal fasciculus. There were no WM regions 

Fig. 1   Voxel-wise TBSS analysis results of FA, MD, λ1 and λ23 dif-
ferences between the DOC and control groups. Green represents the 
mean white matter skeleton of all subjects. Blue-light blue (thickened 

for better visibility) represents areas with decreased FA, whereas red-
yellow (thickened for better visibility) represents areas with increased 
MD, λ1 and λ23 in the DOC group

Brain Imaging and Behavior (2018) 12:1669–16771672
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that showed higher FA, or lower MD, λ1 or λ23 in the patient 
group.

ROI-wise analysis further showed that the DOC patients 
had significantly lower FA in all atlas-based tract ROIs 
(p < 0.05, FDR corrected). Among these ROIs, the fornix 
exhibited the most severe impairment in the DOC patients 
(t = -20.7, Fig. 2). MD was significantly increased in the 
fornix in patients compared with controls (t = 8.8). A sig-
nificant increase in λ1 and λ23 was also observed in this area. 
However, the increase in λ1 (t = 5.1) was smaller than the 
increase in λ23 (t = 10.6).

Correlations between FA and clinical measures

The ROI-wise regression analysis results between FA val-
ues and clinical measures in the patient group are shown 
in Fig. 3. Significant positive correlations (p < 0.05, FDR 
corrected) between FA and CRS-R scores were found in 

the pontine crossing tract (R = 0.627), fornix (R = 0.687), 
and left uncinate fasciculus (R = 0.668). The FA value in 
the right posterior limb of internal capsule also showed a 
trend for a similar positive correlation (R = 0.539, p < 0.05, 
uncorrected) with the CRS-R score. The results suggest that 
the more integrity of these white matter structures, the better 
preservation of residual consciousness in patients with DOC.

Furthermore, we examined whether the etiology type 
(TBI vs. non-TBI) might serve as a potential mediator 
of the link between the FA values and CRS-R scores. 
The mediation models for the associations between the 
FA value, etiology type, and CRS-R score are shown in 
Fig. 4. For step 1, FA was not significantly correlated 
with the etiology type in these ROIs (p > 0.60). For step 
2, FA was significantly correlated with the CRS-R scores 
(p < 0.05). For step 3, the etiology type was not signifi-
cantly correlated with the CRS-R scores (p > 0.70). More-
over, the positive correlations between FA and the CRS-R 

Fig. 2   Mean diffusion metrics of the fornix in the DOC and control groups. Bar plots reveal significantly decreased FA, as well as increased 
MD, λ1 and λ23 in the DOC patients relative to the control subjects. Error bars represent standard deprivation
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scores were still significant after controlling for etiology 
type. The results provided evidence that the relationship 
between FA and the CRS-R scores was not likely to be 
mediated by different types of brain injury.

Discussion

In this study, we found that patients with DOC had wide-
spread white matter integrity disruptions, especially in the 

Fig. 3   The ROI-wise regression 
analysis results between FA val-
ues and clinical measures in the 
DOC group. The pontine cross-
ing tract, fornix, right posterior 
limb of internal capsule, and 
left uncinate fasciculus show 
significant correlations with 
CRS-R scores

(a) (b)

(c) (d)

Fig. 4   The mediation models 
for the associations between 
the FA value, etiology type, 
and CRS-R score. Regression 
coefficients are shown next to 
arrows indicating each link in 
the analysis, with p values in 
parentheses

(a) (b)

(c) (d)
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fornix. Moreover, FA within the fornix, uncinate fascicu-
lus, pontine crossing tract, and posterior limb of internal 
capsule were shown to correlate with behavioral CRS-R 
assessment scores. Although widespread abnormalities of 
white matter were identified in patients with DOC, the cor-
relations between clinical scores and specific white matter 
tracts suggest that consciousness is likely to depend on key 
pathways that link regions in distributed brain networks.

FA and MD are prominent DTI-derived quantita-
tive measures of the white matter microstructure, which 
describe the degree of diffusion anisotropy and the aver-
age amount of diffusion in a voxel, respectively (Assaf 
and Pasternak 2008; Le Bihan et al. 2001). Based on the 
voxel-wise TBSS analyses, we found decreased FA and 
increased MD in almost the whole white matter skeleton 
in patients with DOC, which is consistent with previous 
brain injury studies (Kinnunen et al. 2011; van der Eerden 
et al. 2014). Accordingly, the alteration of FA and MD 
was mainly attributed to the increase in radial diffusiv-
ity, suggesting that demyelination may be an important 
contributing factor to white matter abnormalities in DOC 
(Song et al. 2003). Our results also show a remarkable 
increase in axial diffusivity in patients with DOC. Previous 
work has tended to show that brain injury produces early 
reductions in axial diffusivity, possibly reflecting axonal 
damage (van der Eerden et al. 2014). The patients in our 
study were in the subacute stage (4.1 ± 2.0 months). It has 
been shown that brain injury-induced reductions in axial 
diffusivity gradually reached normal or supranormal levels 
over time (Sidaros et al. 2008). Interestingly, our observa-
tion is also consistent with a previous animal study that 
demonstrated an elevation in both axial and radial diffu-
sivities in the subacute stage of brain injury (Mac Donald 
et al. 2007). Previous studies suggested that the increased 
axial diffusivity in patients with prolonged brain injury 
may reflect adaptive axonal recovery (Kinnunen et  al. 
2011). It is also possible that the overall increase of dif-
fusivity metrics corresponded to significant macrophage 
infiltration, demyelination, and edema, which make diffu-
sion easier in all directions for lack of micro-organisation 
(Mac Donald et al. 2007).

Although widespread white matter abnormality was 
present, we found specific white matter tracts that were 
significantly associated with the diagnostic assessment of 
patients with DOC. Specifically, the fornix exhibited the 
most severe impairment, as well as the most significant 
correlation with clinical CRS-R scores. As the major path-
way connecting the hippocampus to the mammillary bod-
ies, the fornix plays a vital role in the transfer of episodic 
memory in the human brain (Douet and Chang 2014; Tsiv-
ilis et al. 2008). Previous studies have consistently shown 
white matter abnormalities in the fornix in TBI patients, 
which were correlated with deficits of episodic memory 

function (Adnan et al. 2013; Kinnunen et al. 2011; Wang 
et al. 2008). Consciousness invariably accompanies the 
retrieval of the detailed information that underlies rec-
ollection. Previous studies have proposed that autonoetic 
consciousness, the rudimentary state of affective, homeo-
static, and sensory-perceptual mental experiences, is a 
defining feature of episodic memory (Moscovitch et al. 
2016; Vandekerckhove et al. 2013). Our results further 
highlight a tight association between fornix integrity and 
residual consciousness in patients with severe brain injury. 
However, the direct relationship between episodic memory 
function and consciousness is not clear and needs to be 
explored in depth.

The other white matter structures that are associated 
with the diagnostic assessment of patients with DOC 
include the pontine crossing tract, posterior limb of inter-
nal capsule and uncinate fasciculus. The pontine cross-
ing tract is a key component of the ascending reticular 
activating system from pontine reticular formation to the 
thalamus (Yeo et al. 2013). The posterior limb of inter-
nal capsule is mainly constituted by the superior thalamic 
radiation and long corticofugal pathways, and the unci-
nate fasciculus connects the frontal lobe and the ante-
rior temporal lobe (Mori et al. 2008). Interestingly, these 
white matter tracts are in line with the anterior forebrain 
mesocircuit mode, which posits that different levels of 
consciousness depend on the basic connectivity patterns 
of the entire cortical-thalamo-cortical system (Giacino 
et al. 2014; Schiff 2010). White matter abnormalities in 
these tracts can thus produce broad reductions in cerebral 
activity, resulting in diminished response to environment 
stimuli and the failure to initiate goal-directed behaviors 
in patients with DOC.

It should be noted that the patients in the study had a vari-
ety of underlying neurological conditions. TBI and non-TBI 
(e.g., anoxic injuries) etiologies exhibit different pathophysi-
ologic features, even though they may lead to similar clini-
cal manifestations (van der Eerden et al. 2014). However, 
previous studies have also shown that patients in MCS have 
a much better preservation of large-scale brain networks 
than patients in VS, independent of the etiology (Demertzi 
et al. 2015). We further performed an exploratory media-
tion analysis in white matter structures that were related to 
patients’ residual consciousness (Fig. 4). We observed that 
the etiology type was correlated with neither FA nor the 
CRS-R scores. Moreover, the positive correlations between 
FA and the CRS-R scores were still significant after control-
ling for etiology type. Our preliminary results suggest that 
DOC may share some common neural mechanisms that are 
independent of the causes of brain injury.

Several potential limitations of the present study should 
be considered. First, the sample size was relatively small and 
was carefully selected to exclude patients with large focal 
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lesions, which may preclude the generalization of the results. 
Second, in this study, the patients underwent the CRS-R 
assessments on the day of MRI scanning. Recent studies 
have suggested repeated examinations using the CRS-R 
within a short time interval, in order to avoid misdiagnosis 
due to fluctuation of arousal etc (Wannez et al. 2017). Third, 
our patients were in the subacute stage, and some patients 
may still have been in an active state of functional reorgani-
zation. Longitudinal studies would be required to explore 
the evolution of structural brain changes after brain injury 
and its relationship with functional improvements. Finally, 
additional neuroimaging evidence, such as resting-state 
functional connectivity other than structural abnormality, is 
needed as a synthesized biomarker for more reliable clinical 
diagnosis of this complex disorder.

In conclusion, we found widespread white matter micro-
structure disruptions in patients with DOC, which are likely 
caused by demyelination. Moreover, patients’ residual con-
sciousness was related to the integrity of white matter tracts 
supporting episodic memory and anterior forebrain func-
tions. Our findings suggest that consciousness is likely to 
depend on key pathways that link regions in distributed brain 
networks.
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