
Abstract—Purpose: To evaluate the hypothesis that the Apparent 
Diffusion Coefficient (ADC) values combined with initial clinical factors 
indicates the depth of shearing lesions in the brain structure and 
therefore relates to coma duration of diffuse axonal injury (DAI). 
Material and Methods: Seventy four adult patients (48 male and 26 
female patients) with diffuse axonal injury were examined with 
convention MR imaging and diffusion weighted MR imaging between 2 
hours and 20 days after injury. Apparent diffusion coefficient (ADC) 
maps were obtained and the mean ADC values of each Region of Interest

ROI were measured using MRI console software. The lesions 
involvement of brainstem, deep gray matter, and corpus callosum were 
determined for each sequence separately as well as for the combination of 
all sequences. The correlations between magnetic resonance (MR) 
imaging findings of presence of apparent brain injury combined with 
initial clinical factors were investigated. Results: Clinical characteristics, 
such as initial score on the Glasgow Coma Scale (GCS), age, and the 
number of all lesions, ADC scores of the patient in MR findings were 
predictive of the duration of coma. Conclusion: Post-traumatic coma 
duration of DAI could be predicted by cerebral MRI findings in the acute 
to subacute stage after head injury combined with clinical prognostic 
factors. Age, ADC scores, GCS, number of lesions are highly significant 
in predicting coma duration. The technique presented herein might 
provide a tool for in vivo detection of DAI for the coma duration at the 
early stages in patients with traumatic brain injury. 

Keyword—Diffuse axonal injury; Magnetic resonance imaging; 
Diffusion-weighted imaging; Apparent diffusion coefficient 

. INTRODUCTION 

IFFUSE brain injury are commonly produced by motor 
vehicle crashes, and in some cases, falls and assaults [1,2].

Axonal damage is one of the most common and important 
pathologic features of  traumatic brain injury. In DAI at high 
severity, the axonal pathology is accompanied by tissue tears 
in the white matter with intraparenchymal hemorrhage usually 
located centrally in the corpus callosum corpus, basal ganglia, 
and dorsolateral region of the rostral brainstem. This level of 
DAI is associated with prolonged unconsciousness, high 
mortality, and poor outcome in survivors. Various clinical and                                                         
laboratory tests have failed to predict recovery so we assessed 
the value of cerebral magnetic-resonance imaging (MRI) in 
prediction of recovery. Magnetic resonance imaging (MRI) 
studies over the past decade have clarified the imaging 
features of diffuse axonal injury and have proved invaluable 
in diagnosis. A clear correlation between clinical outcome 
and the depth of the diffuse axonal lesions in the central 
brain 
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structures on MRI has been reported [3,4,5]. Recently , new 
imaging techniques—such as diffusion weighted imaging 
(DWI)—were reported to be superior to the convention MR 
image for the early detection of traumatic white matter 
lesions[6,7,8]. Diffusion weighted imaging (DWI) is a 
non-invasive technique, that is capable of probing the structure 
of biologic tissues at a microscopic level and may therefore be 
used for in vivo tissue characterization [9].The principle of 
DWI exploits the random, translational motion of water 
protons in biologic tissues [10]. On diffusion sensitive 
sequences this motion causes phase dispersion of the spins 
resulting in signal loss [11,12].This signal loss can be quantified 
by calculating the apparent diffusion coefficient (ADC), which 
refers to the specific diffusion capacity of a biologic tissue 
[13,14] . 

Diffusion-weighted imaging can demonstrate lesions that 
are not visualized with conventional MR sequences[15] .In 
addition, the results of previous animal and human studies 
show that lesions with decreased or increased diffusion occur 
in head trauma [16,17,18] , a finding that suggests that 
diffusion-weighted imaging may enable differentiation of 
cytotoxic from vasogenic edema in diffuse axonal injury. 
Decreased ADC values can be observed in traumatic brain
injury[17,19] .Thus, the purpose of our study was to determine
whether diffusion-weighted imaging findings and decreased 
ADC could be applied to predict coma duration more effective 
in diffuse axonal injury.  

               �. METHODOLOGY 
Patients   

Seventy four adult patients (48 male and 26 female 
patients; mean age, 24.2 years; age range, 21–72 years) who 
were consecutively admitted to the Medical Centre of Acute 
Medicine of an university hospital between September 2002 
and March 2005. All the patients had been admitted directly 
from the scene of an traffic accident within an hour after 
sustaining their injuries. Brain MRI was performed within 2 
hours to 20 days after admission for those unconscious 
patients with head injury who did not have evidence of an 
intracranial mass lesion on computed tomography (CT) which 
was routinely performed within 2 hours after admission. None 
of the 74 patients had severe life threatening injuries to other 
organs. Patients with diffuse axonal injury fulfilled the 
following criteria: a) Immediate and prolonged posttraumatic 
unconsciousness from the time of injury no cause of 
unconsciousness found other than the primary brain injury; b) 
The presence of white matter injury on MRI, there was not a 
prior history of clinically important hypertension, diabetes 
mellitus, cerebrovascular disease, or another chronic medical 
problem that might lead to imaging abnormalities similar to 
those described for diffuse axonal injury. The location and 
appearance of diffuse axonal lesions were assessed by an 
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attending neuroradiologist who were blinded to the clinical 
status of the patients.

Volunteer Characteristics 

All subjects provided written informed consent before 
their enrollment in the study. The study included 100 healthy 
volunteers chosen from a healthy population (50 men and 50 
women), whose ages ranged from 21 to 72 years old. A 
neurologist interviewed and examined the volunteers before 
imaging and excluded those for whom MR imaging was 
contraindicated. The volunteers had no symptoms, signs, or 
history of any neurologic or systemic disease that might have 
affected the brain (eg, diabetes, chronic obstructive pulmonary 
disease, hypertension, metabolic disorders), nor did they have 
a family history of dementia or multiple sclerosis. Subjects in 
whom MR images revealed an unexpected cerebral lesion 
were excluded. All subjects were examined with MR imaging, 
including conventional and diffusion-weighted imaging in 
three orthogonal directions with two b values (0 and 1000 
s/mm2) at 1.5 T. Bilateral ADCav values were determined in 4 
regions of interest encompassing the entire brain. These 
structures were the gray-white junction, corpus callosum, 
basal ganglia, and the stem. 

                                                                                               
Clinical assessment 

The Glasgow Coma Score (GCS) has an established 
place in the management of traumatic brain injury and is the 
most widely accepted and understood scale. The Glasgow 
Coma Scale score ranged from 3 (worst score) to 15 (best 
score) and was based on the combined evaluation of three 
categories of neurologic function: eye opening, best verbal 
response, and best motor response. The duration of
unconsciousness was defined as the time lapse until simple
orders were obeyed with the eyes opening spontaneously. 
Simple orders suggest the recovery of cognitive acuity to 
verbal stimuli. Note that unconsciousness may encompass a 
state of wakefulness (opened eyes) associated with a total lack 
of cognitive function, which sometimes accompanies a 
persistent vegetative state [20] .A Glasgow coma scale (GCS) 
score of 3 to 15 rating was obtained either on admission to the 
emergency room or at the scene. Two consulting 
neurosurgeons confirmed the duration of unconsciousness in 
each patient. Pupil size and reactivity were assessed and 
recorded at the same time as the GCS.  

MR Imaging 

Seventy four adult patients were examined with conventional 
MR imaging as well as echo-plan diffusion-weighted MR 
imaging in 2 hours to 20 days after traumatic injury. All scans 
were obtained on a GE 1.5T MR scanner. The following 
sequences were applied: (a) transverse T2-weighted fast 
spin-echo (SE) (repetition time msec/echo time msec,
4000–5000/108; field of view, 240 x 180 mm; matrix, 256 x
192; section thickness, 7 mm; echo train length, eight; signals
acquired, two), (b) transverse FLAIR (repetition time 
msec/echo time msec/inversion time msec, 11000/125, TI = 
2200; field of view, 240 x 180 mm; matrix, 256 x 192; section 

thickness, 5 mm; one signal acquired), (c) transverse 
T2*-weighted GRE (750/25; flip angle, 20°; field of view, 240 
x 180 mm; matrix, 256 x 192; section thickness, 5mm; number 
of signals acquired, two), and  (d) Diffusion-weighted image 
was performed using a spin-echo echo-planar sequence 
(9999/112, field of view = 24, matrix = 128×128). For DWI, 2 
b values (b=0 and b=1000 s/mm2) were used. The gradients
were applied to each of the x-, y-, and z-directions and the
calculated isotropic images were used for further analysis of
the DWI intensity maps. The maps of the apparent diffusion 
coefficient (ADC) were calculated according to the 
Stejskal–Tanner equation: ADC=–In(SI1000/SI0)/b1000, where SI 
is signal intensity. DWI intensity and ADC values were
expressed as the ratio relative to the contralateral homotopic
regions.  

Lesions were characterized as DAI on the basis of their 
location and their appearance on conventional MR images. 
The lesions were hemorrhagic or nonhemorrhagic were 
evaluated by transverse T2*-weighted GRE images. Regions 
of interest were drawn on the diffusion-weighted images based 
on areas of abnormally increased signal intensity, and were 
applied to the trace maps to obtain the corresponding ADC 
values. Apparent Diffusion Coefficient Maps were obtained 
and the mean ADC values of each ROI Region of Interest
was measured using MRI console software. The total number 
of lesions was determined for each sequence separately, as 
well as for the combination of all sequences. The number of 
lesions with decreased ADC was also determined. In addition, 
lesions were characterized as DAI by two neuroradiologists on
the basis of their location and their characteristics on 
conventional imaging sequences. The location and appearance 
of diffuse axonal lesions, especially in the corpus callosum and 
brain stem, were assessed by two attending neuroradiologist, 
who were blinded to the clinical status of the patients.  

Statistical analysis  

All the data were analyzed using SPSS10.0 software. A 
linear stepwise regression analysis was used to predicting 
duration of unconsciousness based on clinical variables 
thought to have probable prognostic values in former studies 
and MRI findings. To study the average values in the different 
regions of the brain, percentile of multiple indicatrixes was 
used for the normal ADC values range of human brain in our 
study which was considered to be accurate and more 
convenient than other statistical analysis in early report[21,22].

. RESULTS 

Patient characteristics 

Most of the patients were men. Among the clinical 
profiles of the 74 patients, thirty-four patients were injured in 
motor vehicle accidents, twenty-three patients were pedestrian 
injured and seventeen patients were bicycle riding injured in a 
traffic accident. Ages at the time of injury ranged from 21 to 72 years. No 
severe extra-CNS complications occurred. None of the patients died but three 
patients were in a vegetative state for six months after the injury. The other 71 
patients recovered consciousness within fifteen weeks. Mean (SD) duration of 
unconsciousness in the patients who recovered was 17.2 days (SD), ranging 
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from one to 105 days. Time interval between the injury and the scan ranged 
from 2h to 20days. 

MRI findings 

Lesion Characterization 

The serial combination MRI scans in each patient showed one or more 
lesions in any one of the four separate areas—the cerebral lobar white matter, 
the basal ganglia/thalamic, the corpus callosum, and the midbrain. These are 
common components of the lesions of diffuse axonal injury and are known as 
the shearing injury triad. An apparent injury on MRI in either of these regions 
was detected in 74 patients; The total number of lesions depicted with each
sequence, as well as the totals for the combination of all four MR imaging 
sequences, are presented in Table 1. Diffusion-weighted imaging depicted the 
largest number of lesions, followed by FLAIR, T2-weighted fast SE, and the 
lowest number of lesions were depicted with T2*-weighted GRE sequences. 
But the largest number of hemorrhagic lesions were depicted with 
T2*-weighted GRE sequences. The combination of sequences showed a total 
of 377 shearing lesions. Of the 317 lesions depicted on diffusion-weighted 
images showed decreased diffusion on ADC maps. ADCav values of 
nonhemorrhagic lesions were 0.69+0.116x10-3mm2/s n 307  and 
hemorrhagic lesion were 0.50+0.115x10-3 mm2/s n 70 . Among the 74 
patients, 35 (47%) had lesions in the brainstem, 34 (46%) had lesions within 
the basal ganglia, and 47 (67%) had injuries of the corpus callosum. Only 15 
(21%) had traumatic lesions in all three locations. 

Normal reference ADC value 

    Absolute ADC values may be used to identify the traumatic brain injury 
tissue precisely, but their use requires a normal reference value for each brain 
region. Among human DW studies, only a few have involved the use of 
quantitative measurements [23-25]. Gideon et al [26], in their study of 17 
volunteers, found small age-related changes in the white matter but not in the 
gray matter. Helenius et [27], study 80 healthy adult volunteers of both sexes 
with a wide age range, found the left and right hemispheres had similar ADCav
values, the ADCav values were not affected by aging and no sex difference. In 
the present study, 100 healthy volunteers with no sexes and age range 
grouping were examined with spin-echo echo-planar DW imaging to establish 
reference normal average ADCav values in the various regions of the brain. 
Percentile of multiple indicatrixes was applied to study the average values in 
the different regions of the brain and the   reference range were as follow 
(×103mm2/s): gray-white junction 0.000720, corpus callosum 0.000815, 
basal ganglia 0.000740 and brain stem 0.000830. 

In general, lesions at the gray-white junction, in the corpus callosum, the 
basal ganglia/thalamic and at the dorsolateral aspect of the upper brain stem 
were characterized as DAI. So ADC measurements were obtained from 
normal-appearing white matter in these regions in all subjects. In each of the 
74 patients studied, isotropic diffusion-weighted images showed lesions with 
increased signal intensity and corresponding decreased ADC. The lowest ADC 
value of the lesion of each region was selected and was compared with normal 
ADC values. ADC values scale of the lesion in the 4 ROIs was assigned as 
four grades. ADC scores of each patient were obtained by summation ADC 
score of each of the four region which was assigned as 0 to 3 rating. Table2

Predictors of duration of unconsciousness 

   A stepwise regression analysis was done to assess the usefulness of patient 
characteristics and imaging features in predicting duration of unconsciousness. 
Regression standardized residual was not normal distribution and near normal 
distribution when duration of unconsciousness(y) was logarithmic transform. 
Patient characteristics were included age 1 , Glasgow coma scale score

2 ,sex 3 ,1=man, 0=female , time interval between the injury and the scan
4 , pupil size change or not 5, 1=yes, 0=no , consciousness state ( 6,

1=unconsciousness, 2=consciousness recovery). Imaging features were 
included number of the lesions 7 , ADC scores 8 . The analysis of results 
is shown in Table 4. The variables such as age 1 , GCS score 2 , total 
number of cerebral lesions 7 and ADC scores 8  were predictors in the 
model. Sex 3 , time interval between the injury and the scan 4 , pupil size 
change or not 5, , consciousness state ( 6 were failed to predict duration of 
unconsciousness ( ) (Table3).  

TABLE 1 

Total Number of Lesions Depicted with each MR Imaging Sequence 

TABLE 2 
ADC values scale in the 4 ROIs

TABLE 3 

Coma Duration Predictor Variables 

 =lg (  +1)=0.867+0.0053( 1) 0.0624 2 0.0408 7 0.0588 8

F 96.00,P 0<0.001 R =0.921  

 =lg -1[ 0.867+0.0053 ( 1) -0.0624 2 0.0408 7 0.0588 8 ]-1 

Sy,1,…,5 =0.1777,  t 0.05, 74 =1.994                                                              

Coma duration Predicted value rang  lg -1 [ - t 0.05, 74 Sy,1,2,3 ,m, ] ~ lg -1 [ + t 0.05, 74 Sy,1,2,3 ,m, ] 

�. DISCUSSION 

Historically, coma is the most common immediate impairment that has 
been associated with the severity of DAI. Before the advent of neuroimaging, 
the characteristics of diffuse axonal injury were defined by Adams et al and 
Gennarelli et al from a histopathological viewpoint [28,29] .Their experimental
studies suggested that centripetal extension of a shearing injury into the brain 
stem caused prolonged unconsciousness. Furthermore they emphasized the 
importance of injury to the corpus callosum and dorsolateral midbrain, and 
described diffuse axonal damage in the cerebral hemispheres.1 Recent reports 
by Kampfl and colleagues—who performed detailed analyses of the
anatomical location and frequency of lesions—provided evidence that a 
combination of lesions in the corpus callosum and the dorsolateral upper brain 
stem was a highly significant MRI feature in post-traumatic vegetative states 
associated with diffuse axonal injury[30] . 

Nonhemorrhagic hemorrhagic  total 
Sequence 

(n 307      (n  70 n 377
Diffusion weighted *      271         46       317 84
FLAIR                 176         50        226 60
T2-weighted fast SE      136          48       184 49
T2*-weighted GRE       100          70       170 45

Scale   gray-white junction    corpus callosum       basal ganglia         brain stem 

3    0.000245 0.000402   0.000433 0.000559  0.000166 0.000353  0.000553 0.000645   

2    0.000403 0.000560   0.000560 0.000686  0.000354 0.000537  0.000646 0.000738  

1    0.000561 0.000719   0.000687 0.000814  0.000538 0.000739  0.000739 0.000829  

0      0.000720            0.000815            0.000740         0.000830     

Model                             B   95%confidence interval for B   P

                                             Lower  Upper 

Constant                            0.867     0.637    1.098 

Age                          ( 1)   0.005     0.002    0.008      0.001 

GCS=Glasgow Coma Scale       ( 2)   -0.062    -0.079   -0.046      0.000      

Total number of cerebral lesions   ( 7)    0.041    0.028     0.054     0.000 

ADC scores                   ( 8)    0.059     0.028     0.089    0.000 

a.  Dependent Variable: lg (  +1)                 

Predictors (constant , 1,, 2,, 7,, 8   
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Yanagawa and colleagues reported that the total number of traumatic 
brain lesions detected by T2* imaging correlated with the duration of 
unconsciousness [31] .However, the lesions of deep seated diffuse axonal injury 
are sometimes overlooked or underestimated because the detection of these 
lesions is unavoidably affected by the performance of the MRI device and by 
sequencing, time interval between the injury and the scan, and radiological 
interpretation. Diffusion weighted imaging were reported to be superior to the 
FLAIR image for the early detection of traumatic white matter lesions. 
Decreased ADC values can be observed in traumatic brain injury[15,32].

In the study by Barzo et al[33], the reductions in ADC extending out to 
several weeks, as seen in their experimental animal model, are postulated to 
result from neurotoxic edema. This slower form of cellular swelling may be 
responsible for the extended period of time over which decreased ADC 
values can be observed in traumatic brain injury. An alternative explanation 
may be related to the presence of microscopic hemorrhage and ruptured axons 
with membrane fragmentation in DAI, increasing the barriers to the free 
movement of water molecules, and thereby producing a decrease in ADC. 
Ebisu et al [34] reported decreased ADC values in hemorrhagic versus 
nonhemorrhagic infarcts, but could not explain the reason for this finding. In 
their study, several hemorrhagic lesions (without infarction) were studied, 
which also displayed persistently decreased ADC. Although the ADCs were 
decreased in both hemorrhagic and nonhemorrhagic stroke, the values were
relatively lower in the hemorrhagic lesions. These were also displayed in our 
study. The ADC values of the hemorrhagic lesions of DAI is much lower than 
the nonhemorrhagic lesions. The presence of hemorrhage in DAI-type lesions 
is a poor prognostic sign[35]. The ADC value might correlate with the depth of 
the diffuse axonal lesions in the central brain structures clinical severity. We 
tested the hypothesis that a relatively new MR imaging technique, diffusion 
weighted imaging and decreased ADC could be applied to predict duration of 
unconsciousness in diffuse axonal injury. It is necessary to establish 
quantitative criteria for predicting unconsciousness duration using these
techniques combined with the patient factors. Patient factors that determine 
outcome from traumatic brain injury include severity of primary and 
secondary injuries, low GCS on presentation[36], advanced age (>60 
years)[37]and comorbidities. Ingeneral, a GCS of 14–15 indicatesa mild injury, 
9–13 a moderate injury, and 3–8 is classified as severe. In the severely injured, 
such as intubated patients or those with ocular or facial trauma, the motor 
response is the most useful. Pupil size and reactivity are important when 
consciousness is impaired. In the absence of traumatic mydriasis, 
abnormalities of the pupil size and reactivity may indicate compression of the 
third cranial nerve, suggesting raised intracranial pressure or impending 
herniation, particularly when associated with lateralizing motor signs and 
depressed consciousness. Pupil size and reactivity was failed to predict the 
duration of unconciousness. 

Our study showed that the factors—including Glasgow unconsciousness 
scale (GCS) score, age, numbers of lesions and ADC scores may play an 
important role in predicting the outcome of traumatic brain injury. They 
served as predictors of the duration of unconsciousness, which was the issue of 
greatest clinical concern in the acute management of such patients. It also 
provided useful information on prognosis. It showed the correlation between 
unconsciousness duration and age, number of lesions, the duration of 
unconsciousness and the age, number of the lesions, ADC scores were direct 
correlation, and were inverse correlated with Glasgow coma scale score. 
According the model, we could predict unconsciousness duration more 
effective in diffuse axonal injury. 

The present study demonstrated that post-traumatic duration of 
unconciouness of DAI could be predicted by cerebral MRI findings in the 
acute to subacute stage after head injury combined with clinical prognostic 
factors. Age, GCS, ADC scores and number of lesions are highly significant in 
predicting unconsciousness duration. The technique presented herein might 
provide a tool for in vivo detection of DAI for the unconsciousness duration at 
the very early stages in patients with traumatic brain injury. This could have 
significant implications not only for the diagnosis but also for the treatment of 
these patients. 
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