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Kathirkamanathan Shanmuganathan, Rao P. Gullapalli, Stuart E. Mirvis, Steven Roys,
and Prasad Murthy

BACKGROUND AND PURPOSE: Patients with traumatic brain injury (TBI) and low Glasgow
coma scale (GCS) scores may have severe injury associated with cellular disruption that can be
studied with whole-brain apparent diffusion coefficient (ADC) histograms. We retrospectively
studied this hypothesis and correlated ADC with GCS.

METHODS: Twenty-one patients (37.81 = 41.3 years) with TBI were enrolled: Group A had
normal MR imaging findings but low GCS scores (n = 6). Group B had brain stem injury with
low GCS scores (n = 6). Group C had cortical lesions with normal GCS scores (n = 5), and
group D had cortical lesions with low GCS scores (n = 4). Eleven control subjects were enrolled
(32.7 = 19.2 years). Whole-brain ADC maps and histograms were generated and normalized for
each subject. Mean and peak ADCs were determined. A one-sided 7 test was performed for each
parameter. Average GCS scores and corresponding peak and mean ADCs were correlated.

RESULTS: Peak histogram values significantly differed between controls and groups A, B,
and D (P < .0019, P < .00129, and P < .0148, respectively). In groups A and D, values were
significantly skewed compared with control values. Mean ADC was significantly different
between the control ADC and group A (P < .013) but not group C. In each group, peak ADC
and GCS score were strongly correlated (R*> = 0.67).

CONCLUSION: Whole-brain peak ADCs and GCS scores are significantly correlated in
patients with TBI. Although conventional MR images were normal, ADC independently indi-

cated TBI and better represents the degree of neurologic dysfunction.

CT is the imaging technique of choice for initial
evaluation of the extent of traumatic brain injury
(TBI) in patients with blunt or penetrating trauma (1,
2). MR imaging is usually performed in the subacute
period when CT results do not correlate with the
neurologic findings. MR imaging is more sensitive
than CT in demonstrating diffuse axonal shearing
injuries, brain stem contusions or hemorrhage, and
small extra-axial fluid collections (2). MR imaging
findings can explain a particular neurologic deficit by
demonstrating injuries that are occult on CT scans.
They can also offer more accurate prognostic infor-
mation.

The ability to study the change in the random
motion of proton in water in vivo is the basis for
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diffusion-weighted (DW) MR imaging (1, 4-7).
DW-MR imaging and tissue perfusion imaging has
now become integral parts of the routine imaging
studies performed to evaluate acute stroke (4-7).
DW-MR imaging is more sensitive than conventional
MR imaging in depicting restricted proton motion
resulting from cytotoxic edema in ischemic brain
tissue (1, 3, 4). Restricted proton motion results
in a decrease in the apparent diffusion coefficient
(ADC) of water and increased signal intensity on
DW images.

DW-MR imaging has been studied in a variety of
experimental animal models of TBI, with varying con-
clusions concerning expected changes in ADC values
(8-13). Previous studies in patients with acute TBI
have attempted to demonstrate changes in ADC val-
ues and tissue injury patterns (as visualized on
DW-MR images) and also the ability to depict addi-
tional sites of injury not seen on conventional MR
imaging (1, 14-16). However none of the studies to
date have correlated the Glasgow Coma Scale (GCS)
score with changes in ADC values or imaging find-
ings. We investigated the hypothesis that patients
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Fic 1. Brain stem contusion in a 26-year-old man admitted after blunt-force trauma. Axial images show bilateral brain stem (curved
arrows) and medial temporal (straight arrows) contusions in the brain parenchyma.

A, T2-weighted image.
B, FLAIR image.

Fic 2. Minimal parenchymal contusions in a 36- year-old patient admitted after a head injury. Axial images show intraparenchymal

contusions (arrows) in the right frontal lobe.
A, T2-weighted image.
B, FLAIR image.
C, DW image.

with TBI and a low GCS score have severe brain
injury associated with cellular disruption that can be
studied by using whole-brain ADC histograms. We
also attempted to determine if whole-brain ADC val-
ues indicate the presence of TBI in patients with
abnormal GCS scores but normal conventional MR
imaging results.

Methods

We evaluated data from 21 patients (age 37.81 = 41.3 years;
14 men, seven women) who were admitted to our trauma
center after blunt-force trauma with head injuries. Both con-
ventional MR imaging and DW-MR imaging were performed
as part of the standard protocol in all 21 patients. MR imaging
was performed because the patients’ neurologic deficits or GCS
score did not correlate with the CT findings (20 patients); in

one patient MR imaging was performed to evaluate isolated
subarachnoid hemorrhage following trauma. Mechanisms of
injury included motor vehicle collisions (n = 10), assaults (n =
7), falls (n = 3), and a diving accident (n = 1). Patients with an
abnormal GCS score as a result of alcohol or drug use, medical
therapy, or illnesses were excluded. The study patients were
divided into groups, as follows: Group A (n = 6; age 46 * 24.6
years) had normal conventional MR imaging findings but low
GCS scores (range, 6—10; mean, 8). Group B (n = 6; age 25 =
12.15 years) had brain stem abnormalities (eg, hemorrhage in
five patients), as shown on conventional MR images, with a low
GCS score (range, 3-10; mean, 6) (Fig 1). Group C (n = 5; age,
36 = 18.9 years) included patients whose lesions (eg, hemor-
rhage in four) were confined to the cortex on conventional MR
images and whose GCS score was normal or near-normal (Fig
2). Group D (n = 4; age, 47 *+ 34.4 years) patients had lesions
similar to those in group C (eg, hemorrhage in two) but also
had low GCS scores. A low GCS score was defined as an
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ADC values, GCS scores, and ¢ test P values
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Value Group A Group B Group C Group D

Mean ADC 133 £0.17 1.15=0.13 1.08 = 0.75 121 *+0.18
Peak ADC 0.865 + 0.06 0.840 = 0.03 0.804 = 0.03 0.831 £ 0.39
P value, ¢ test vs control

Mean ADC .013 49 .143 .23

Peak ADC .0019 .00129 126 0148
Age, years 46 £ 26.4 25 +12.15 36 + 189 47 £ 244
GCS score

Admission 8 (6-10) 6 (3-10) 15 6 (3-10)

Discharge 9(7-11) 11 (10-14) 15 Not available
Time of MR imaging after injury, days 4 (1-10) 8 (1-18) 3(1-9) 9 (1-23)

Note.—For the control group, mean ADC = 1.15 * 0.12, and peak ADC = 0.785 = 0.03. Other than P values, data are the mean = SD or the

mean (range).

admission score of 10 or lower, and a near-normal or normal
score was 13 or higher. Our institutional review board ap-
proved the study. Findings in the patients were compared with
those of healthy control subjects (n = 11; age 32.7 = 19.2 years;
eight men, three women).

MR imaging was performed on one of two 1.5-T scanners: a
Philips Eclipse unit (formerly Marconi Medical Systems, Cleve-
land, OH) or a Signa unit (GE Medical Systems, Milwaukee,
WI). Mean interval to MR imaging after injury was 6 days
(range, 1-23 days). The MR imaging protocol consisted of the
following sequences covering the entire brain: a sagittal T1-
weighted sequence (TR/TE, 450/11), an axial T1-weighted se-
quence (TR/TE, 450/11), an axial T2-weighted sequence (TR/
TE, 5150/95), a fluid-attenuated inversion-recovery (FLAIR)
sequence (TR/TI/TE 10000/2000/125), a delayed gradient-echo
sequence (TR/TE, 595/20; flip angle, 30°), and DW imaging on
all three orthogonal axis with a b value of 1000 sec/mm? The
FOV was kept constant in all the imaging sequences at 24 cm,
and the section thickness was 5 mm with a 1-mm gap. Except
for the DW images, other images were obtained at a resolution
of 256 X 192. DW images were obtained at a reconstruction
resolution of 128 X 128 over the same FOV as that of conven-
tional sequences. Twenty-four sections covering the entire
brain were obtained on the Eclipse machine, and 23 sections
were obtained on the Signa unit. To assess the difference
between the two machines, a standard head phantom treated
with manganese chloride was used to measure the ADC of
water in both the scanners by using the same sequence used to
obtain ADC maps in the participants. Both machines yielded
an ADC of about 2.07 X 107> cm?/s at a temperature of 25°C;
the difference between them was less than 0.05%. Three
radiologists (K.S., S.E.M., P.A.M.) reviewed the MR imaging
studies and determined the findings by consensus.

The DW data consisting of DW images from all the three
orientations along with a non-DW image set. These were trans-
ferred to an Ultra 80 workstation (Sun Microsystems, Palo
Alto, CA). ADC maps were generated by using software de-
veloped in-house with MEDX image processing software (Sen-
sor Systems, Sterling, VA). Computation of the ADC involved
calculating the diffusion coefficient along each orthogonal di-
rection on a pixel-by-pixel basis as follows: D, = —In(S,/S;)/
(b; — b,), where, S, and S; are signal intensities of each pixel at
a diffusion sensitivity of b; and b,, respectively in any given
direction i. The ADC was then calculated on a pixel-by-pixel
basis by combining the three orthogonal diffusion coefficients
as follows: D = [(D,> + D> + D.*)/3]'~.

Once the ADC maps were constructed, regions outside the
brain were removed through manual cropping of the skull and
the dura. A histogram was then computed for each subject with
a bin width of 0.6% of the maximum value of the ADC of 3.0 X
10~3 mm?/s. Histograms were then normalized across subjects
in various groups for differences in brain size. The histograms
were plotted and the peak locations, and the whole-brain av-

erage ADC were analyzed within each group. A ¢ test between
the control group and the patients in the four groups was
computed for each of the parameters at a P < .05 level of
significance.

Medical records were reviewed to determine the time of MR
imaging study after admission and the average GCS scores at
admission and discharge for individual groups. GCS scores of
each group were correlated with their corresponding peak and
mean ADC values.

Results

The Table shows the peak and average whole-brain
ADC values, the average time from admission to MR
imaging study, the average GCS score on admission
and discharge, and the P values for the ¢ test in the
four groups of patients with TBI. Figure 3 shows the
differences in ADC histograms between the control
group and group A patients. Maximum values of
these histograms were significant different (P <
.0019), with a significant skewness in group A pa-
tients. Figure 4 shows a similar pattern, albeit with
less skewness when the control group was compared
with group B patients (P < .00129). Group C patients
also had increased ADC values, as shown in Figure 5
but the difference was not statistically significant (P <
.126). However, peak ADC values were significantly
different between control subjects and group D (P <
.0148), as shown in Figure 6. Average ADC signifi-
cantly differed from control values in only group A
(P < .013). For each group, peak ADC was strongly
correlated with GCS score (R* = 0.67). No strong
correlation was observed between GCS scores and
average ADCs among the patients (R*> = 0.041).

Figure 7 shows a plot of the SD variation with
increasing mean ADC values from the control sub-
jects and all patients. The increase in SD was highly
correlated with an increase in the average whole-
brain ADC (R* = 0.84). Figure 8 shows the peak
diffusion data from all control subjects and the pa-
tients with significantly different data (groups A, B,
and D).

Discussion

In animal models of TBI, the nature of ADC
changes varied depending on the type of head-injury
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Fic 3. Comparison of normal whole- '-
brain ADC histograms with histograms in os}
patients with normal MR findings but a
low GCS score (group A).

Fic 4. Comparison of normal whole- i
brain ADC histograms with histograms in H
patients with brain-stem injuries and a ?’"

low GCS score (group B).

Fic 5. Comparison of normal whole-
brain ADC histograms with histograms in o2f
patients with minimal brain injury and a o}
normal GCS score (group C).

Fic 6. Comparison of normal whole- 3
brain ADC histograms with histograms in .
patients with minimal brain injury and a
low GCS score (group D). i
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model, the nature of TBI created, the interval be-
tween MR imaging and the primary insult, and the
presence of hemorrhage in the lesion (9-12). Assaf et
al (9) studied the temporal relationship between re-
gional ADC values in acute and chronic traumatic
brain lesions in the rat. ADC values measured at 2

I —_———
Control ja=11) I [ Cordl )
Meem evtingalLow GCS (=t Brminstem injurylLow GCS et}
=4 g I
I1
onk |
urt \
gns
i
as|
s 5
Sru.
oal
ozt
/
oaf !
n ol . . . ——
1 2 25 1 ED a as 1 15 z 25 3 38
ADC {merf vac) o 4 ADC rmisec) x10”
Corel [m11] T T— Conbd pw)
— T
; ] Cantrdl (=11}
Wi injuryorm GCS fn=s) o M nfuryfow GCS [rmd)
nat
7t
§us
T
8
|
3
i
Eos
2
o3} |
nzf |
|
11 /
T ol = . N ==
i k8 . g (] o5 ' 15 2 25 3 35
ADC frrfinec) 0 6 ADC jresane) W

and 24 hours after injury were significantly decreased
when compared with values form the uninjured con-
tralateral brain. However, values were significantly
increased at 7 days after injury, when hypointensity
seen on DW images correlated well with infarct areas
on histologic specimens. Vorisek et al (10) studied
diffusion parameters in rat cortex after stab wounds
and reported that ADC values were altered not only
near the injury but also in the entire ipsilateral hemi-
sphere. These changes were attributed to astrogliosis,
alterations in the extracellular volume fraction, and
diffusion barriers in the injured cortex.

Decreased ADC values in both gray matter and
white matter are reported in brain injury, with values
in white matter significantly lower than those of gray
matter (1, 14). Liu et al (1) obtained ADC values in
diffuse axonal injury lesions in nine patients and com-
pared them with values in white matter in healthy
volunteers. A decreased ADC value was observed up
to 18 days following initial injury and postulated to be
a result of cytotoxic edema leading to restricted water
diffusion in the intracellular compartment. Hemor-
rhage in the lesions may also have contributed to the
restricted motion of water molecules. Other studies of
conventional and DW-MR imaging in patients with
diffuse axonal injury have shown decreased or in-
creased ADC values (15, 16). Areas of increased
diffusion were attributed to freely mobile water mol-
ecules in lesions with vasogenic edema and decreased
diffusion to lesions with cytotoxic edema.

Unlike prior investigations, our preliminary study
was performed to determine if whole-brain ADC val-
ues varied with the extent of TBI compared with
values in control subjects. We also correlated these
values with the altered levels of consciousness, as
assessed by using the GCS. The GCS was initially
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described to enable consistent assessment of the
depth and duration of altered consciousness and
coma after TBI (17). On this scale, three aspects of
behavioral response—motor response, verbal re-
sponse, and eye opening—are independently evalu-
ated. The GCS is widely accepted because it is prac-
tical and can be repeated frequently in a wide variety
of clinical scenarios by medical staff without special
training (17). Among the different criteria used in the
first few days after TBI, the GCS is also helpful in
predicting outcome after injury (16—19). In our study,
GCS scores and whole-brain ADC values were signif-
icantly correlated. Significantly high whole-brain
ADC values were observed in patients with low GCS
scores. These preliminary results indicate that, like
GCS scores, whole-brain ADC values are predictive
of the severity of TBI and, possibly, outcome. A study
with larger number of patients with varying degrees of
TBI is necessary to confirm these findings.

In previous studies, regions of interest were used to
determine ADC values in localized areas of injury (1,
14). However, we used whole-brain ADC values in
patients with TBI, including cortical contusion and
diffuse axonal shear injury. Whole-brain peak ADC
values in all four groups were higher than those of
control subjects. ADC values were significantly in-
creased in patients with low GCS scores, conventional
MR imaging evidence of brain stem injury, and nor-
mal conventional MR images (Group A). These re-
sults can be explained by less restricted diffusion in
patients with TBI. Histologic correlation to deter-
mine the exact etiology of the ADC changes was not
available in any of our patients. These high values
may have resulted from a combination of vasogenic
edema expanding the extracellular compartment and
disruption of cell integrity, which decreased the re-
striction of movement of water molecules. We also
observed a widened distribution of ADC values, as
evidenced by the increased SD on histograms among
patients with higher ADCs (Figs 7 and 8). This in-
creased SD may indicate diffusion inhomogeneity in
the brain, and it appears to scale with decreases
in GCS score. Our whole-brain peak ADC values in
healthy subjects agree with previously published re-
sults (20-22). Patients with low GCS scores with con-
ventional MR imaging evidence of brain stem injury
(Group B) and normal conventional MR images
(Group A) had persistently decreased GCS scores on
discharge (Table). This finding supporting our postu-
lation that permanent disruption of cell integrity cor-
relates with a suboptimal outcome. Zhang et al (20)
also reported similar results of significantly increased
whole-brain ADCs in 24 boxers with chronic TBI, as
compared with values in an age-matched control
group; they also postulated similar mechanisms to
explain these increased values.

In TBI, DW imaging is useful to demonstrate ad-
ditional areas of injury not depicted on T2-weighted,
gradient echo, and FLAIR images (16). In our study,
a small subgroup of patients with low GCS score
(= 10) and normal conventional MR images had
significantly increased ADC values, which indicates

BRAIN INJURY ADC AND GCS SCORE 543

occult TBI on conventional MR images. These find-
ings are consistent with previous histopathologic find-
ings in TBI, especially diffuse axonal injury. Even an
experienced pathologist suspecting these injuries
might visualize these lesions only by using special
staining techniques on careful microscopic examina-
tion (23, 24). Some structural and physiologic de-
rangements following brain trauma are apparently
too small or possess signal intensity significantly dif-
ferent from that of adjacent normal adjacent tissue to
be shown as being pathologic on conventional images.
However, DW imaging is highly sensitive to changes
in water diffusion in injured brain parenchyma and
can demonstrate these subtle pathologic changes. In
this study, follow-up MR imaging was not routinely
performed to document further changes in ADC val-
ues. However, review of the medical records indicated
that the average low GCS score remained abnormal,
and in only one of six patients did the score improve
to 14 before discharge.

Our study clearly shows an increase in the whole-
brain ADCs compared with normal values. However,
these results should be viewed in the context of their
limitations. First, only a small number of patients with
TBI were examined. Second, MR studies were per-
formed 23 days after initial injury, and the ADC
changes were correlated with only the admission GCS
scores. No follow-up MR imaging or long-term clin-
ical follow-up results were available to determine if
ADC values were helpful in predicting neurologic
outcomes. Third, it has been shown that advancing
age is associated with a small but significant increase
of water diffusivity in human white matter (21). This
study showed that patients who were at least 60 years
old had a significantly higher ADC than that of
younger patients. Although we cannot completely
rule out the effect of age on increasing ADCs, given
the wide age range in each group, we expect the effect
of age on the group ADCs to be minimal. A larger
study of patients undergoing MR imaging during the
subacute period (3-7 days) after head injury is likely
to provide a more comprehensive explanation of the
injury and recovery process. This work will require
routine follow-up MR studies and clinical evaluation
up to 3—6 months after TBI and may provide insight
into the relationship between ADC changes and clin-
ical outcomes. A larger study will also allow one to
remove the effects of aging on the ADC values. Fu-
ture studies should also include CSF-suppression
techniques to achieve a more accurate assessment of
ADC changes in the brain parenchyma.

Conclusion

The strong overall correlation between ADC values
and GCS scores in this study leads us to believe that
whole-brain diffusion values can be useful in assessing
patients with TBI. In a small subgroup of such pa-
tients, whole-brain ADC values may be abnormal,
even when conventional MR images are normal.
Thus, DW-MR imaging increases the sensitivity of
the MR imaging for the detection of TBI. Further
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studies with larger populations are needed to more
precisely define the correlation of altered ADCs with
types of TBI and the value of ADC changes in the
whole brain or selected regions in predicting the long-
term sequelae of TBI.
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