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Abstract

The objective of this study was to explore the evolution of apparent diffusion coefficient (ADC) values in magnetic
resonance imaging (MRI) in normal-appearing tissue of the corpus callosum during the 1st year after traumatic brain
injury (TBI), and relate findings to outcome. Fifty-seven patients (mean age 34 [range 11-63] years) with moderate to
severe TBI were examined with diffusion weighted MRI at three time points (median 7 days, 3 and 12 months), and a sex-
and age-matched control group of 47 healthy individuals, were examined once. The corpus callosum was subdivided and
the mean ADC values computed blinded in 10 regions of interests without any visible lesions in the ADC map. Outcome
measures were Glasgow Outcome Scale Extended (GOSE) and neuropsychological domain scores at 12 months. We
found a gradual increase of the mean ADC values during the 12 month follow-up, most evident in the posterior truncus
(r=0.19, p<0.001). Compared with the healthy control group, we found higher mean ADC values in posterior truncus
both at 3 months (p=0.021) and 12 months (p=0.003) post-injury. Patients with fluid-attenuated inversion recovery
(FLAIR) lesions in the corpus callosum in the early MRI, and patients with disability (GOSE score <6) showed evidence
of increased mean ADC values in the genu and posterior truncus at 12 months. Mean ADC values in posterior parts of the
corpus callosum at 3 months predicted the sensory-motor function domain score (p=0.010-0.028). During the Ist year
after moderate and severe TBI, we demonstrated a slowly evolving disruption of the microstructure in normal appearing
corpus callosum in the ADC map, most evident in the posterior truncus. The mean ADC values were associated with both
outcome and ability to perform speeded, complex sensory-motor action.
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Introduction

TRAUMATIC AXONAL INJURY (TAI), or diffuse axonal injury, is
considered an important pathoanatomical entity in all seve-
rities of traumatic brain injury (TBI)."*> The corpus callosum is one
of the predilection sites for TAIL as it is a less mobile structure
connecting the more mobile hemispheres.>* The corpus callosum is
the largest commissural structure with widespread interhemi-
spheric communication,® and TAI in this region has been associated
with a worse outcome.>®

The ability to detect TAI lesions depends upon the sequences
included in the magnetic resonance imaging (MRI) scanning pro-
tocol. The application of diffusion weighted imaging (DWI) or

diffusion tensor imaging (DTI) has yielded increased sensitivity in
the detection of TAL>” DWI is based on the random movements of
water molecules in the tissue known as ‘“Brownian motions.”” The
rate of net diffusion of molecules is referred to as the ‘“‘apparent
diffusion coefficient”” (ADC) value.® DT is a technique in which a
tensor is used to calculate three eigenvalues being used to estimate
the fractional anisotropy (FA) indicating the direction of the dif-
fusion. Mean diffusivity (MD) is also calculated based on these
three eigenvalues, and is mathematically equivalent to the ADC
values,” which makes it possible to compare this DTI parameter
directly with the DWI findings.

In human studies from the early phase after TBI, mostly de-
creased ADC values have been observed in visible DWI white
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matter lesions,”'? whereas increased mean ADC values have been
reported in normal-appearing tissue.''™'* A DWI study of chronic
TBI patients demonstrated increased mean ADC values in both
visible lesions and normal-appearing tissue in the corpus callo-
sum.'* This finding corresponds to the increased MD observed in
later DTI studies>'>'® and such changes in indices of diffusion are
considered to reflect pathology in microstructure and architectural
organization.’

Some longitudinal studies have examined how changes in white
matter diffusion properties evolve in the corpus callosum from the
early to the chronic phase after TBI. Ljungqvist et al. studied 11
mild-severe TBIs without taking possible lesions in the corpus
callosum into consideration, and found an increase in MD at
6 months."” Also, Sidaros et al. observed increase in MD in the
posterior corpus callosum from 2 to 12 months in normal- ap-
pearing white matter of 30 severe TBI patients.'®

However, there exist no DWI studies in which the evolution of
the ADC values in the corpus callosum is followed longitudinally
from the early to the chronic phase, even though DWI is easily
accessible and routinely implemented in the clinic. Hence, the aim
of the present study was to explore the temporal changes of the
ADC values in apparently normal- looking tissue of the corpus
callosum. We studied different regions of the corpus callosum
in the early phase, 3 and 12 months post-injury, and related the
diffusion characteristics to global and cognitive outcome at
12 months.

Methods
Patients and controls

In the time period from October 2004 to July 2007, 125 indi-
viduals (11-65 years of age) were admitted to the Department of
Neurosurgery, Trondheim University Hospital, Norway, with
moderate to severe brain injury (Glasgow Coma Scale [GCS]
scores 3—13). The prospective collection of the patients’ clinical
variables and the classification of the brain injury have been de-
scribed in detail in a previous publication.'®

Of the 125 patients admitted to the hospital during the study
period 18 (14%) patients died and 9 (7%) refused to participate or
were not able to cooperate. Fourteen (11%) patients with severe
psychiatric conditions, cerebrovascular diseases, or ongoing/past
substance abuse were excluded. Twenty-six (21%) patients could
not complete all three repeated examinations for logistical, geo-
graphical, or other reasons. One patient was excluded from the
study because of extensive corpus callosum lesions. Therefore, a
total of 57 (46%) patients had all of the three MRI scans during the
1st year post-injury, and could be included in the study. The first
scan was performed at a median of 7 days (range 0-26), whereas the
following MRIs were performed at 3 and 12 months post-injury.
For one patient, the ADC map was missing at 12 months.

A group of 47 healthy controls were matched with the TBI group
with regard to age (mean age of 33.4; range 13-63 years) and sex
(35 males; 74 %). The control group performed diffusion MRI at
one time point, as it has been shown that MD values do not change
over a 12 month period in healthy controls.?

Diffusion MRI and computation of ADC values

The MRI examinations were performed either at the study
hospital or at one of the local hospitals in the region. In all cases, 1.5
Tesla (Siemens Symphony or Siemens Avanto; Siemens Medical,
Erlangen Germany) scanners with a six-channel head coil were
used. DWI was obtained with single-shot, spin-echo planar imaging
sequences with 19 slices of 5 mm section thickness (TR 3300 msec,
TE 110 msec, number of excitations 4, field of view [FOV] 23 cm,

bandwidth 1240 Hz, acquisition time 1:44 min), obtaining base-
line images (b=0sec/mm?), and varying diffusion gradient
strength along each of three orthogonal directions (b=500 and
1000 sec/mm”~). Diffusion trace maps were computed from the
isotropic diffusion image and were used to estimate the ADC map.
The following sequences were also obtained '® Sagittal turbo spin
echo (TSE) T2 imaging (20 slices), sagittal, coronal, and transverse
T2 fluid-attenuated inversion recovery (FLAIR) imaging (24 slices),
transverse T2*-weighted gradient echo (T2*GRE) imaging (24
slices), and transverse SE T1 imaging (24 slices).

The first author (K.G.M.) performed the region of interest (ROI)
analyses in the diffusion weighted images in PACS using the Sectra
Workstation IDSS5 11.4.1. All images were analyzed blinded for
patient identification, clinical information, and time of examina-
tion. Circle shaped ROIs with a radius of 1.8 mm were positioned in
apparently healthy-looking tissue in the ADC map. The standard
deviations of the mean ADC values were by manual placement kept
as low as possible within each ROI. Callosal sequelae following
insertion of intraventricular drainage were not registered as a le-
sion. All other visible traumatic lesions detected in the corpus
callosum on the ADC map were registered at all time points. The
DWI scan was used clinically to screen for ADC map lesions. In
addition, visible FLAIR lesions in the corpus callosum in the early
MRI were registered, but not subclassified further with regard to
callosal location. We also performed subgroup analyses of the
patients with FLAIR lesions versus those without such lesions in
the corpus callosum. The MRI scans were also evaluated for global
atrophy (yes/no) using the T2 sequences, and we did subgroup
analyses also for these groups.

If lesions in the ADC map were situated in the predefined ROIs,
the ROIs were moved outside the visible lesion area and placed in
the closest healthy-looking area within the specified callosal region.
We also performed subanalyses where the moved ROIs were
identically positioned for all the three investigations, after the
blinding was removed.

For all cases and controls, the ADC measurements were com-
puted in 10 different predefined ROIs within the corpus callosum,
based on the Hofer and Frahm scheme (Fig. 1).2! The fibers in
region I project into the prefrontal region, whereas regions II, III
and IV contain fibers projecting to premotor, motor, and sensory
cortical areas, respectively.?! Posterior parietal, temporal, and oc-
cipital fibers cross the corpus callosum in region V. Mean ADC
values were calculated in ROIs in each of these five regions on both
sides of the corpus callosum (Fig. 2).
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FIG. 1. The Hofer and Frahm scheme illustrating the topogra-
phy of the midsagittal corpus callosum. The regions of interest
(ROIs) were computed in each region bilaterally. Region I cor-
responds to the genu and region V corresponds to the splenium,
whereas regions II-1V correspond to the truncus. The fibers from
the different regions project to the following regions of the brain:
region I, prefrontal; region II, premotor and supplementary motor;
region III, motor; region IV, sensory; region V, posterior parietal,
temporal, and occiPital, A, anterior. P, posterior. Redrawn from
Hofer and Frahm?'; reproduced with permission from the pub-
lisher and author.
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FIG. 2. The 10 individual regions of interest (ROIs) are indicated in this axial T1 MRI template, with a similar cross-section as used in
the apparent diffusion coefficient (ADC) maps. The two individual ROIs of the Hofer and Frahm region I of the corpus callosum are
indicated in (A) (genu). The two most anterior ROIs in (B) indicate the second region, whereas the two posterior ROIs indicate the fifth
region (splenium) of the corpus callosum. In (C), the two anterior ROIs and the two posterior ROIs indicate the third and fourth regions,
respectively.

Throughout this article, the mean ADC value denotes the
mean of the measurements performed on both sides in each
specified region, whereas the total mean ADC value denotes
the mean of the measurements performed at both sides in all the
regions.

Assessment of outcome and neuropsychological
function

Global outcome was assessed with Glasgow Outcome Scale
Extended (GOSE) 12 months post-injury by telephone or gersonal
contact with the patient and the relatives or caregivers.”> GOSE
score of 7 and 8 was defined as a good recovery, whereas a GOSE
score <7 was defined as disability.

Neuropsychological assessment was performed at 12 months
post-injury. In some cases, one or more tests were not administered
for various reasons. Raw scores were converted to T-scores by use
of normative data provided by the manufacturers of the tests, except
for the Symbol Digit Modalit;/ Test, in which a normative sample
quoted by Lezak was used.”> T-scores on the individual neu-
ropsychological tests were collapsed into composite scores re-
flecting the overall function on each cognitive domain, and in this
study we used these different domains in the analyses.

1. Sensory-motor function: Grooved Pegboard using dominant
and nondominant hand.**

2. Information processing speed: Trail Making Test (TMT);
condition 2 (number sequencing), and condition 3 (letter
sequencing), Color-Word Interference Test (CWIT); condi-
tion 1 (color naming) and 2 (word reading) from the Delis
Kaplan Executive Function System (D-KEFS),” and Symbol
Digit Modality Test (SDMT), oral and written versions.>®

3. Executive function: Category Test computer version,”’
Verbal Fluency Test; condition 1 (letter fluency), and con-
dition 3 (category change) from D-KEFS, TMT; condition 4
(Number-Letter Sequencing) from D-KEFS, CWIT; condi-
tions 3 and 4 (Inhibition and Inhibition/Switching) from
D-KEFS; Tower Test from D-KEFS.

The control group was not assessed on neuropsychological tests.

Statistical analyses

The statistical analyses were conducted using the IBM© Sta-
tistical Package for the Social Sciences (SPSS)® Statistics version
19 and STATA/SE version 11.2.

The ADC values were analysed with nonparametric tests be-
cause of lack of normal distribution. The Kruskal-Wallis Test and
the Mann—Whitney U test were used, and in the multiple compar-
isons of mean ADC values in patients versus controls, we applied
Bonferroni correction for multiple comparisons. Chi Square test
was used for comparison of proportions, and for the nonparametric
related samples, we used Wilcoxon signed rank test for pairwise
comparisons. Statistical evaluation of the linear trend of the mean
ADC values was evaluated using Jonckheere—Terpstra Test to-
gether with the correlation coefficient Kendall’s tau-b to get a
measure of the effect size.

The association between mean ADC values at 3 and 12 months
and GOSE score or neuropsychological test scores at 12 months
was assessed by Spearman Rank correlation, ordinal logistic re-
gression models, or linear regression models. Only the regional
mean ADC values that reached a p level <0.1 in the simple analyses
were further examined in multiple regression models with adjust-
ment for age.

The precision of the estimates was assessed either with respec-
tive standard deviations or 95% confidence intervals (CI). All
tests were considered statistically significant at a probability
value <0.05.

Ethics

The Regional Committee for Medical Research Ethics approved
this study. Written consent was obtained either from the surviving
patients or their next of kin if the patient was incapacitated or <16
years of age.

Results

Demographics and visible corpus callosum lesions

Demographic and injury related variables are presented in Table 1.
A total of 47 patients (82%) were diagnosed with TAI on the early
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TABLE 1. PATIENT CHARACTERISTICS

59

three patients had isolated ADC map lesions in the genu. Only 9
(15%) patients had visible lesions in the ADC map located to one or

Variable n  No. Percent more of the predefined ROIs, making it necessary to move 12 of the
Age (years)* 57 335 (11.4-63.4) total 570 ROIs in the early MRI. No visible lesions were detected in
Sex (male/female) 57 42/15 (74%/26%)  the ADC maps at3 or 12 months.

Injury mechanism 57 The age of the patients (mean 33.5 [SD 16.8]) did not differ from
Vehicle accident 26 (46%) the control subjects (mean 33.3 [SD13.3], p=0.96), and the pro-
Fall 25 (44%) portion of men in the patient group (n=42, 74%) did not differ from
Other 6 (10%) the control group (n=35, 74%, p=1.0).

Severe TB% according to HISS 57 26 (46%)

GCS score” o ST 9 (B -13) Evolution of the mean ADC values during

Unilateral pup_lllary dilation 57 5 (9%) the 1st year after TBI

ADC map lesions in corpus callosum 57 21 (37%)

FLAIR lesions in corpus callosum 57 29 (51%) We found a gradual significant increasing mean ADC value in

Traumatic axonal injury (TAI) grade 57 region IV of corpus callosum during the 1 year follow-up, and a
No TAI 10 (18%) similar trend was found in regions I and III (Table 2). In the early
TAI grade 1 16 (28%) MRI, the mean ADC values in the different callosal regions did not
TAI grade 2 14 (25%) differ from the those in the control group (p=0.51-1.0). However,
TAI grade 3 17 (30%) . . L

N at 3 months, the mean ADC value in region IV was significantly
eurosurgery performed . 5
Evacuation hematoma 12 (21%) higher than in the control group (p=0.021). The same was found at
External ventricular drainage 4 (%) 12 months, but with a stronger p value (p=0.003) and at this time
Intraparencymal ICP sensor 20 (35%) point also the total mean ADC value was significantly higher than

GOSE score at 12 months 57 in the control group (p=0.042).

1-2 1 (2%) As some of the patients without visible lesions in the ADC map

3-4 6 (10%) had FLAIR lesions in the corpus callosum, we analyzed ADC

5-6 19 (33%) values in subgroups of patients with and without FLAIR lesions and

7-8 . . 31 (54%) compared these with controls. We found a gradual increase of the

Motor functlon at 12 months o 42 439 10.3 mean ADC values in regions I, III, and IV, with the highest values

Processing speed at 12 months 42 46.5 11.7 . . . . . .

Executive functions at 12 months® 35 477 71 in patients with FLAIR lesions in the corpus callosum in the early

“Age listed as mean and range.

°GCS score is listed with median and ranges.

°All neuropsychological test domains are listed as mean of T-scores with
standard deviations. More details for what these tests consist of, see the
Methods section.

TBI, traumatic brain injury; HISS, Head Injury Severity Scale;

GCS, Glasgow coma scale; ADC, apparent diffusion coefficient.
FLAIR; fluid-attenuated inversion recovery;

ICP, intracranial pressure; GOSE, Glasgow Outcome Scale Extended.

MRI. In the early phase, 37% of the patients had visible lesions in
the corpus callosum on the ADC map, whereas 51% had FLAIR
lesions. Two patients with visible lesions in the ADC map had no
FLAIR lesions. The visible lesions on the ADC map were detected
in the splenium (n=4), truncus (n=5), or both (n=9). In addition,

MRI, followed by patients with no FLAIR lesions (Fig. 3). We also
did similar subgroup analyses where we detected the highest ADC
values in patients with global atrophy compared with those without
atrophy and healthy controls. These findings were similarly for
regions [ (p=0.023), III (»p=0.020), and IV (p=0.013).

We repeated the analyses of the mean ADC values in the nine
patients with moved ROlIs after the blinding was removed, and no
differences in the overall results of the evolution of the ADC values
were detected.

Three months mean ADC values related
to neuropsychological function at 12 months

We demonstrated that the mean ADC values at 3 months in
regions IV and V predicted the sensory-motor domain score at 12
months using multiple linear regression analyses with adjustment

TABLE 2. MEAN ADC VALUES IN THE CorPUS CALLOSUM (MADC+95% CIx IO_SMMZ/SEC)
IN TBI PATIENTS DURING THE FIRST YEAR POST-INJURY

Controls (n=47) Early MRI (n=56)

Corpus callosum

3 months MRI (n=57)

12 months MRI (n=56)

region mADC ~ 95% CI ~ mADC  (95% CI) mADC  (95% CI)  mADC (95% CI) pvalue
Region I 702 (68.4:;72.0) 71.0 (68.4;73.5) 721  (69.1;75.0)  73.0 (70.0; 76.0)  0.10  0.060
Region 1I 68.8 (67.1;70.5) 692 (66.3;72.1) 67.8  (64.9;70.6)  71.0 (67.8:74.2)  0.03 056

Region III 729  (71.1;74.6) 744 (71.8;77.1) 736  (71.1;76.1)  75.6 (72.9; 78.4)  0.10  0.058
Region IV 72,6 (70.5;74.7) 733 (69.9;76.7) 752  (72.6;718) 772 (74.5; 80.0)  0.19 <0.001
Region V 712 (69.7;72.8) 69.6 (67.2;72.0) 708  (68.4;732) 718 (69.2; 74.4) 001  0.88

Total 710 (70.0;71.9) 710 (68.9;73.1) 71.1  (68.8;73.5)  73.0 (70.5; 75.5) 0.10  0.042

“Kendalls tau b correlation coefficient.

Bold type indicates that the p value is<0.05 (i.e. statistically significant), and p value indicates linear trend across the groups.
ADC, apparent diffusion coefficient; mADC, mean apparent diffusion coefficient; MRI, magnetic resonance imaging;
95% CI, 95% confidence interval; TBI, traumatic brain injury.
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FIG. 3. Comparisons of the mean apparent diffusion coefficient (ADC) values in patients with fluid-attenuated inversion recovery
(FLAIR) lesions in the corpus callosum with those in patients without FLAIR lesions in the corpus callosum, and healthy controls. In
regions I, III, and IV Kendall’s tau b (marked in bold) showed a significant decreasing trend, with highest mean ADC values among the

patients with FLAIR lesions.

for age (Table 3). We also found a tendency for prediction of
sensory-motor function by mean ADC values in region III
(p=0.06). No significant prediction with sensory-motor function
was observed for regions I (p=0.77) or II (p=0.64). We found no
association between mean ADC values in any of the regions and the
executive function (p=0.14-0.85) or information-processing
speed score (p=0.47-0.98).

Twelve months mean ADC values related to outcome
and neuropsychological function at 12 months

We found a significant gradual increment of the mean ADC
values in regions I, III, and IV when we compared the healthy
control group via the good recovery group to the disability group;
the latter having the highest mean ADC values (Fig. 4).

No significant predictions were found between the 12 month
regional ADC values and motor function score (p=0.24-0.96),
information-processing speed score (p=0.11-0.89), or executive
function score (p=0.38-0.92).

Discussion

In this prospectve longitudinal DWI study of the corpus callo-
sum, we have demonstrated that the mean ADC values in normal-
appearing tissue increased during the 1st year after TBI. This
increase in diffusivity of several regions of the corpus callosum
unfolded over time with significantly increased ADC values
through the subacute to the chronic phase in the posterior truncus.
The same tendency was also found in the genu. We found a rela-
tionship between the ADC values and both global outcome and
complex, speeded sensory-motor function at 12 months.

Evolution of mean ADC values during
the 1st year after TBI

We observed a linear trend with gradual increasing mean ADC
values from the early phase to the chronic phase in region IV of
corpus callosum, and also a tendency in regions I and III. The
increasing diffusion in posterior parts of corpus callosum is in

TABLE 3. LINEAR REGRESSIONS BETWEEN MEAN ADC VALUES AT 3 MONTHS PosT-TBI
AND 12 MONTHS NEUROPSYCHOLOGICAL TEST SCORES

Simple linear regressions

Multiple linear regressions®

Dependent variable Explanatory variable n  p-coeff. 95% CI p value n f-coeff. 95% CI p value
Sensory-motor function 3 months mADC total 42 -0.81 (—-1.58, —=0.03) 0.041 42 -0.80 (—-1.67, —0.06) 0.067
Sensory-motor function 3 months mADC region III 42 -0.52 (-1.01, —0.03) 0.037 42 -0.53 (-1.08, —0.02) 0.060
Sensory-motor function 3 months mADC region IV 42 -0.75 (-1.26, —0.23) 0.006 42 -0.76 (-1.32, —0.20) 0.010
Sensory-motor function 3 months mADC region V. 42 -0.55 (-1.07, —0.03) 0.001 42 -0.62 (-1.18, —0.07) 0.028

Bold type indicates that the p value is<0.05 (i.e., statistically significant).

In this table only the explanatory variables with a p value<0.1 were included, as they were analyzed further in the multiple model.

“In the multiple linear regressions we have adjusted for age.

TBI, traumatic brain injury; ADC, apparent diffusion coefficient; mADC, mean apparent diffusion coefficient; f-coeff, f-coefficient; 95% CI, 95%

confidence interval.
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FIG. 4. Comparisons of the mean apparent diffusion coefficient (ADC) values in patients with disability (Glasgow Outcome Scale
Extended [GOSE] score <6), good recovery (GOSE score 7 and 8), and the healthy control subjects. In regions I, III, and IV, Kendall’s
tau b (marked in bold) showed a significant decreasing trend, with highest mean ADC values among the patients in the disability group.

accordance with findings in earlier longitudinal DTI studies in
adults with TBI. Bendlin et al. used a voxel- based morphometric
approach, and showed that most parts of the corpus callosum of
moderate and severe TBI had increased MD at 12 months compared
with MD at 2 months.>® In another DTI study of 16 TBI patients, the
FA was significantly reduced from 6 to 24 months in normal-
appearing truncus, but no reduction was found from 2 weeks to 6
months.” Therefore, the evolution of diffusion characteristics in
previous studies mostly demonstrates a progressively increasing
MD or decreasing FA in the corpus callsoum into the chronic
phase."®?° Our larger study of mean ADC values obtained with
DWI supports those findings. However, our study also revealed a
tendency of gradual increase of the mean ADC values over time in
genu, a finding that was not shown in the previous studies.

Mean ADC values and comparison with controls

In the early stage, we could not demonstrate any differences
between the mean ADC values in the TBI patients and those in the
healthy control group. Our findings are contradictory to those of
some other smaller studies of normal-appearing white matter,' "'
and could be explained by the differing examination time points of
the early MRI or the different regions studied. However, both at 3
and 12 months post-injury, we demonstrated a higher mean ADC
value in region IV than in the control group. This was the
most important finding in our study, and, therefore, region IV
seems to be particularly prone to develop altered microstructure
following TBI. Region IV had increased ADC values both in the
comparison with the control group and also when the evolution of
the ADC values was studied longitudinally during the 1st year
after TBL

The finding of higher mean ADC values in the corpus callosum
following moderate and severe TBI has also been found in earlier
studies, when comparing with controls. Even though no large-scale
DWI studies have been performed, a DWI study of 10 patients in the
chronic phase showed increased mean ADC values in ROIs in the
corpus callosum both in lesion and non-lesion areas.'* The existing

DTI studies addressing diffusivity in the corpus callosum in the
chronic phase following TBI also support our findings. In a study of
30 TBI patients, higher MD was observed in the posterior corpus
callosum at 12 months compared with healthy controls.'® Another
study of mild TBI patients with ROIs in normal-appearing splenium
showed higher MD in the chronic phase up to 5.7 years post-injury.”

Neuropathological origin of increased ADC
values in different callosal regions

Although all regions of the corpus callosum may be affected by
TAL'" neuropathological and clinical studies show that visible
lesions are mainly present in the truncus and splenium.*”>® Light
microscopic studies have shown that the density of thin diameter
fibers reach a minimum and large myelinated fibers reach a maxi-
mum in the posterior truncus.”**° Increased ADC values could
result from loss of myelin sheaths, a phenomenon that neuropath-
ological review examinations have found to continue for 1-2 years
post-injury.® Vargas et al. found that myelin degradation in the
central nervous system (CNS) is slow, probably because oligo-
dendrocytes cannot phagocytose myelin debris, and there is no
influx of peripheral macrophages in the CNS to speed up the deg-
radation process.>' This supports our finding of increasing ADC
values evolving into the chronic phase. As the posterior truncus is
especially enriched in large myelinated fibers, TBI-induced de-
myelination may have larger impact in this region, and hence lead
to the faster and more notable increase in ADC values in region I'V.

A study by Tomasch et al. has shown that the density of fibers is
highest in the genu and posterior parts of the corpus callosum,*
which were both areas with significant increase of the mean ADC
values in the present study. The significantly more pronounced
increase in ADC values in patients with atrophy gives further
support to the notion that these fiber-dense callosal regions suffer
from an overall axonal loss. Kraus et al. concluded that the findings
of increased radial and axial diffusivity in ROIs obtained in chronic
moderate and severe TBI patients resulted from a combination of
both myelin and fiber loss.*® Based on the evolution of the ADC
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values in our study, it may be speculated that the effect of myelin
loss on ADC values appears before the loss of fibers, as the mye-
linated fibers are most numerous in the posterior truncus.

Mean ADC values in patients with FLAIR lesions
in the corpus callosum

In this study, we have focused on normal-appearing tissue in the
ADC map, thus not taking into account callosal lesions in other
MRI sequences. We know that the FLAIR sequence is important in
demonstrating non-hemorrhagic lesions after TBL>* A trend test
showed gradual increment in the mean ADC values in regions I, II1,
and IV from controls to patients without FLAIR lesions to patients
with FLAIR lesions. This supports not only that patients with any
FLAIR lesions in the corpus callosum have greater injuries to the
microstructure in the chronic phase, but also that patients without
FLAIR lesions have such injuries.

Mean ADC values and relation to global outcome

In our study, we detected a gradual increment of mean ADC
values in the genu and posterior truncus from controls to patients in
the good recovery group to the patients in the disability group. This
is in accordance with the study of Sidaros et al., who also found
gradually increased MD values in these same groups in the analyses
of the posterior part of the corpus callosum (regions III and IV).'®
Another study showed no association between the ADC values in
the posterior corpus callosum and 1 year outcome in TBI, whereas
low FA was predictive of worse outcome.”™ But in that study, the 30
patients had TBIs ranging from mild to severe. Newcombe et al.
also observed higher ADC values and lower FA in ROIs in normal-
appearing white matter with worse outcome, and this was also most
pronounced in the patients with poor outcome.'¢

Therefore, our study demonstrates that not only DTI metrics, but
also the ADC values, derived from DWI, may reveal clinically
significant changes in diffusivity, and importantly, this applies to
tissue that looks normal on conventional MRI.

Mean ADC values and relation
to neuropsychological function

We observed that the mean ADC values at 3 months could
predict the sensory-motor domain score at 12 months. Corpus
callosum mediates inter-hemispheric communication, and the
sagittal area of the corpus callosum has been positively associated
with skilled hand movements.*® The grooved Pegboard Test used
here is a test of higher order motor function and depends on vi-
suomotor coordination, manipulative dexterity, and speed. It is a
sensitive test in patients with TBL.>’ The finding that ADC values in
the posterior corpus callosum predicted grooved Pegboard perfor-
mance at 12 months, is in line with the current knowledge of the
topography of the corpus callosum, as these regions contain fibers
converging to motor, sensory, and occipital areas, all involved in
the execution of this kind of task.

Interestingly, this association was found only for the ADC val-
ues obtained at 3 months post-injury. This was a consistent, but
confusing finding, as the ADC values were more clearly increased
to pathological values by 12 months. We may speculate whether
underlying subgroup differences in ADC values could be more
pronounced by 3 months, and that these differences are predictive
of outcome. We should also bear in mind that other factors than the
mean ADC values in the corpus callosum probably are important
for the sensory-motor function post-injury, that is, lesions in other
brain structures.

MOEN ET AL.

Strengths and limitations of the study

The prospective study design, the high number of participants all
with three repeated MRI examinations, the standardized time point
of the second and third MRI at 3 and 12 months post-injury, and the
blinding of the MRI analyses together with a large control group
matched for age and sex, are all important strengths of the study.

However, the time span between injury and the first DWI im-
aging could preferably be narrower. The placement of the ROIs
may differ to some degree, as they were placed manually, and we
cannot exclude partial volume effects with the cerebrospinal fluid,
as some of the ROIs were placed near the ventricles. As some of the
patients in the chronic phase had developed a slim corpus callosum
caused by atrophy, partial volume effects and difficulties with
positioning of the ROIs may have become more pronounced.
Neuropsychological test results from the entire TBI group and from
the controls would have been preferable.

Conclusions

We have conducted a prospective, longitudinal study of diffu-
sion properties in ROIs in normal-appearing tissue in the corpus
callosum. The ADC values were obtained with DWI, a sequence
included in standard MRI protocols. To our knowledge, no similar
study exists. We observed increasing diffusion in the posterior
truncus (region 1V) during the 1 year follow-up, with a tendency
also in regions I (genu) and III (posterior truncus). This indicates an
increasing disruption of callosal microstructure also in normal-
appearing tissue in conventional MRI.

In patients with disability, increased ADC values in several re-
gions of the corpus callosum were present, and the mean ADC
values at 3 months predicted complex, speeded sensory-motor
function at 1 year post-injury. Importantly, this study shows that the
DWI sequence can reveal injury also in the normal-appearing
corpus callosum, and that these subtle changes are associated with
both global and neuropsychological function in the chronic phase.
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