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HIGHLIGHTS

® Non-hemorrhagic lesion presence is related to decreased microstructural integrity.
® Basal ganglia area microbleeds are related to decreased microstructural integrity.
® Focal MRI pathology evaluation may substitute quantitative diffusion tensor imaging.
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Availabl li . . . . . . . .
varlable online xxx The aim of this study is to directly compare TMBs, NHLs and their regional features with the co-existing

P 1 diffuse injury of the normal appearing white matter (NAWM) as measured by diffusion tensor imaging
eyworas:

MRI (DTI).

Traumatic brain injury
Susceptibility weighted imaging

Thirty-eight adults with a closed traumatic brain injury (12 mild, 4 moderate and 22 severe) who
underwent susceptibility weighted imaging (SWI), T1-, T2 weighted and FLAIR MRI and routine CT were

Diffusion tensor imaging included in the study. TMB (on SWI) and NHL (on T1-, T2 weighted and FLAIR images) features and Rot-

Traumatic microbleeds terdam scores were evaluated. DTI metrics such as fractional anisotropy (FA) and mean diffusivity (MD)

Diffuse axonal injury were measured over different NAWM regions. Clinical parameters including age; Glasgow Coma Scale;
Rotterdam score; TMB and NHL features were correlated to regional NAWM diffusivity using multiple
regression.

Overall NHL presence and basal ganglia area TMB load were significantly, negatively correlated with
the subcortical NAWM FA values (partial r=-0.37 and —0.36; p=0.006 and 0.025, respectively).

The presence of any NHL, or TMBs located in the basal ganglia area indicates diffuse NAWM damage
even after adjusting for clinical and CT parameters. To estimate DAI, a conventional lesional MRI pathology
evaluation might at least in part substitute the use of quantitative DTI, which is yet not widely feasible
in a clinical setting.

© 2017 Elsevier B.V. All rights reserved.
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1. Introduction

Traumatic brain injury (TBI) constitutes a public health problem
worldwide [1]. Diffuse axonal injury (DAI) is a substantial patho-
logical component of brain injury, and is highly related to outcome
[2]. DAI (or traumatic axonal injury) can occur both in severe and
mild TBI [2] at a certain extent. However, in consequence of its
microscopic range, it is basically “invisible” to standard TBI imaging
protocols.

Interest in the application of susceptibility weighted imaging
(SWI) [3] in TBI has recently been increasing rapidly, since it
has been shown to be a very sensitive imaging method for the
detection of the possible DAI-associated hemorrhagic foci, also
known as traumatic microbleeds (TMBs) [4]. SWI is a fully velocity-
compensated, high-resolution 3D gradient echo sequence that uses
magnitude and filtered-phase information, both separately and in
combination, and is therefore able to create a strong contrast for
the susceptibility effects of microbleeds [3]. Other imaging meth-
ods, such as CT, T2- and T2*-weighted MRI or FLAIR are also able to
depict punctual DAI-related lesions, though less reliably than SWI
[5-8]. SWI allows patients with a DAI to be dichotomized as hem-
orrhagic or non-hemorrhagic, and this has been proposed to be of
clinical relevance [9,10]. Moreover, the number, localization, type
and volume of TMBs have been linked to the severity of clinical
state as well as the outcome [7,8,11-19].

Another advanced MRI method, diffusion tensor imaging (DTI),
has been proposed to sensitively detect white matter damage itself
by a very extensive body of literature [20]. DTI does not only
detect Brownian diffusion extent, but also diffusion directionality
(anisotropy) and direction [21,22]. Data suggest that the different
DTI parameters, such as fractional anisotropy (FA), mean diffusivity
(MD), axial diffusivity (AD) and radial diffusivity (RD) may reflect
the damage of the white matter [20]. Though the detected actual
traumatic DTI parameter alterations vary largely across studies, in
the relatively late phases of TBI, studies mostly agree that FA is
decreased, while MD is increased due to axonal pathology. How-
ever, to date DTI assessment of axonal injury has been based almost
exclusively on group analyses, with the use of post-processing
computation and statistics [20]. The main reasons limiting the
interpretation of the DTI data at a subject level are the high inter-
subject variations (even within the healthy population), and the
relatively low specificity of DTI to axonal injury.

In contrast to DTI, SWI might be easily applied at an individ-
ual level. A conventional, qualitative morphological assessment
might define TMB load, extent and anatomical distribution per
patient. Therefore, SWI appears to be the most feasible advanced
MRI method for the indirect evaluation of axonal damage in a clin-
ical environment, because group analysis and statistics are not
necessary for its interpretation.

However, thus far no consensus has been reached concerning
the optimal clinical use of SWI, T2*GRE or other MRI modalities
including the ones depicting non-hemorrhagic lesional pathology
(NHL), in TBI. Studies largely agree that TMBs are related to the clin-
ical severity or outcome, but they are heterogeneous in the aspects
of the investigated population size, injury severity, image acquisi-
tion method, outcome assessment method, as well as the detection
and definition of TMB [7,8,11-19]. Though TMBs are accepted as
surrogate markers of DAI, it is of note that they are rather due to
microvascular injury, than axonal injury, and these two are not
necessarily strictly related. The clinical state of the patient, how-
ever is probably rather dependent on the diffuse axonal-, and not
microvascular injury.

The main problem in understanding the role of SWIin TBI can be
summarized as: SWI data were related to clinical parameters that
are largely influenced by extracranial factors and not directly to the
actual axonal pathology. For example, Glasgow Coma Scale (GCS)

may be influenced by alcohol or drug intoxication and accompa-
nying neurological and psychiatric diseases, outcome scores as the
Glasgow Outcome Score [23] may be influenced by the presence of
extra-cranial injuries, the therapy and rehabilitation process, and
the adherence of the patient, etc. As a consequence, it is still unclear
if TMBs, or NHLs, and which lesion parameters (number, volume or
localization) are indicating the higher rate of axonal damage.

Theoretically, these issues might be resolved when TMB and
NHL parameters are correlated with the simultaneously acquired
DTI data, since DTI has been widely accepted to sensitively indi-
cate microstructural damage [20], however, because of its technical
features and necessary group analyses, up to now it has been not
widely used in a clinical setting.

The purpose of this study is to directly compare the diffuse
microstructural injury of the normal appearing white matter as
measured by DTI with the clinically readable hemorrhagic and
non-hemorrhagic traumatic lesion features in TBI patients, to bet-
ter understand the association between diffuse axonal injury and
lesional pathologies.

2. Methods
2.1. Subjects

This retrospective study was conducted on a database consist-
ing of 66 adults with a closed TBI who underwent the MR imaging
protocol (see Section 2.2) from the trauma center at the Univer-
sity of Pécs. Exclusion criteria included a previous documented TBI,
any known neurological (including migraine) or psychiatric dis-
ease, uncontrolled hypertension, a history of anticoagulant therapy
or coagulopathy, or a severe mass lesion or brain distortion preclud-
ing reliable DTI analysis. These criteria allowed the inclusion of 38
patients, for clinical and demographic details see Table 1.

20 age- and sex-matched healthy volunteers following the same
exclusion criteria were recruited as a control group in the study (see
Table 1).

Ethical approval was received from the Institutional Review
Board (IRB). Written informed consent was obtained from all the
participants (or their legally authorized representatives) in the
study.

2.2. Imaging protocol

An acute (<24 h) CT scan was performed for all TBI patients
according to the institutional TBI CT protocol. CT scan was not
performed for the healthy control group.

MRI data were acquired in the chronic phase after the injury
(min. 1 month, average 2 years+ 15 months after the injury).
MRI was performed on a Magnetom® TIM Trio® 3 Tesla scanner
(Siemens, Enlargen, Germany) with a 12 channel standard head
coil. The control group underwent the same MRI protocol as the
TBI patients:

The sequences consisted of a high-resolution T1-weighted scan
(MP-RAGE), T2-weighted scan, FLAIR, DTI and SWI. After the local-
izer scanning for proper orientation, shimming was carried out to
maximize field homogeneity.

T1-weighted high-resolution images were obtained
using a three-dimensional (3D) MP-RAGE sequence
(TR/TI/TE=1900/900/3.41 ms; flip angle=9°; 160 axial slices;
slice thickness=0.94mm; no inter-slice gap; field of view
[FOV]=210mm x 240 mm; matrix size=224x 256; receiver
bandwidth = 180 Hz/pixel).

T2-weighted images were acquired using a turbo spin
echo sequence (TR/TE=6000/93ms; flip angle=120°; 30
axial slices; slice thickness=4mm; no inter-slice gap;
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Table 1
Demographic data of patients and controls.
Data Patients (n=38) Controls (n=20) p
Age (y, SD, min-max)
Men 35(13.6) 18-68 38.4(16.2) 19-72 0.6%
Women 48 (22.1)20-83 45.4(14.2) 24-60 0.77%
Total 39.7(17.4) 18-83 40.9 (15.58) 19-72 0.797
No. of women 12 7 0.78"
Severity (mild/moderate/severe) 13/4/21

2 Two-tailed t-test.
b Chi-square test.

FOV=193mm x 220mm; matrix size=280x320; receiver
bandwidth =220 Hz/pixel.
FLAIR images were acquired using:

TR/TI/TE=15,700/2750/105ms; flip angle=120; 100 axial
slices; slice thickness=1.5mm; no inter-slice gap; field of
view [FOV]=220mm x 220 mm; matrix size =192 x 192; receiver
bandwidth =400 Hz/pixel.

DTI was performed using a two dimensional single-shot
diffusion-weighted, spin-echo, echo-planar imaging (EPI)
sequence. DTI was achieved using 20 optimum non-collinear
encoding directions with a diffusion weighting of b=700s/mm?,
and a single volume was collected with no diffusion gradients
applied (TR/TE =8500/90 ms; 60 axial slices, slice thickness =2 mm;
FOV =208 mm x 256 mm; matrix size=208 x 256; receiver band-
width=1563 Hz/pixel; 4 averages. The total acquisition time
was 12 min). Advanced shimming was performed before the DTI
acquisition to optimize the homogeneity of the magnetic field
across the brain and to minimize EPI distortions.

The 3D gradient echo SWI sequence was run with the fol-
lowing parameters: (TR/TE=27/20ms; 72 axial slices; slice
thickness=1.5mm; flip angle=15; matrix size=182 x 256;
FOV =173 mm x 230 mm; receiver bandwidth = 120 Hz/pixel).

Subjects were positioned supine in the scanner. Foam cushion-
ing was used to immobilize the head within the coil to minimize
motion degradation.

2.3. Image analyses - focal pathology

TMBs were identified on the SWI scans by two independent
raters (A.T. and a board certified neuroradiologist T.R.), blinded to
the clinical data. TMBs were defined as punctuate, ovoid or curvi-
linear hypointensities located in the white matter or white-gray
matter border that are clearly not consistent with blood vessels
or artifacts. To aid such exclusion of mimicking hypointensities
and a more precise anatomical localization, both the high resolu-
tion T1 weighted- and the T2 images were registered to the SWI
images using the FMRIB’s Linear Image Registration Tool (FLIRT)
[24], which allowed a multi-modal assessment of TMB sites. TMBs
associated with T1 or T2 signal alteration were not excluded. TMBs
adjacent to contusions, intraventricular hemorrhage or bone-air
interface artifacts (e.g. near mastoid process) and external ven-
tricular drain were excluded. The following TMB features were
recorded: TMB presence; number of TMBs in the brainstem; “basal
ganglia area” (including the caudate nucleus, thalamus, putamen,
pallidum, subthalamic nucleus, and all white matter located in this
region); corpus callosum; and “subcortical white matter” (includ-
ing the corona radiata and centrum semiovale); and overall TMB
number. Afterwards, TMBs identified by both raters were automat-
ically included in the final registry of TMBs per scan. As a second
step, for TMBs detected only by one rater, raters took a second look
and decided in mutual consent to include or not in the final TMB
registry. FSL “mask” tool (FSL [25], FMRIB’s Software Library, www.
fmrib.ox.ac.uk/fsl, Oxford) and manual tracing was used to create a

TMB map for each patient, this was used to exclude TMB sites from
DTI analyses (see Section 2.4).

The detection, recording and masking of the non-hemorrhagic
DAl associated lesions (NHL) on T1-, T2-weighted and FLAIR images
were performed in the same way as of the TMBs except the lesion
definitions. NHLs were defined as lesions of mixed intensity on
T1 weighted images, and hyperintense lesions on T2 and FLAIR
images. The raters made a cautious effort using the multi-modal
approach (as mentioned above) to exclude non-specific scars,
lacunes, chronic hypertensive or ischemic microvascular lesions,
enlarged Virchow-Robin spaces, etc.

Inter-rater reliability of the first-step TMB and NHL measure-
ment was determined using Intraclass Correlation Coefficient [26].
Two-way model, absolute agreement type was applied, single mea-
surement reliability was calculated.

The standard acute CT scans were read by a board certified
neuroradiologist (T.R.) to assess the Rotterdam score [27] for each
patient.

2.4. Image analysis - DTI

Initial diffusion image processing was performed to generate
fractional anisotropy (FA), mean diffusivity (MD), axial diffusivity
(AD =L1)and radial diffusivity (RD = (L2 +L3)/2) maps using the FDT
(FMRIB’s Diffusion Toolbox) tool [25]. The steps included eddy cur-
rent correction and motion correction using a 12-parameter affine
registration to a reference volume (i.e. non-diffusion weighted data,
b=0s/mm?), averaging of the four sets of 20 diffusion directions,
and automated brain extraction with brain extraction tool [28],
which was manually supervised to avoid incorrect brain extrac-
tion. Diffusion data were then fed into DTIFit [25] to calculate the
diffusion tensor model for each brain voxel and subsequently com-
pute FA, MD, AD and RD values from the tensor’s three eigenvalues
[29].

To assess regional mean FA values, FA maps were registered to
the high-resolution T1 weighted MPRAGE images (using FLIRT [24])
and then, blinded to clinical data, masks were created in all possible
slices by manual tracing (B.K., FSL tools [25]) based on anatomical
borders ending up in a 3D mask for the brainstem, corpus callosum,
and the subcortical white matter (including the corona radiata and
the centrum semiovale) (see Fig. 1). These masks were overlaid on
the co-registered T1images presenting a clearer gray matter-white
matter interface and anatomical substrates, and were corrected
in the axial, sagittal and coronal image planes. To exclude lesion
sites, the TMB and NHL maps (see focal pathology image analy-
ses) were then subtracted from this mask in the MPRAGE space
using co-registration if necessary (i.e. for SWI, FLAIR and T2 based
lesion maps). The so created mask was then overlaid on the native
space FA, MD, AD and RD maps, to calculate the corresponding DTI
parameter averages (also see Fig. 1). All co-registration steps were
manually controlled.
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Fig.1. Illustration of the region of interests for the measurement of regional DTI parameters. Masks: red = subcortical white matter; yellow = corpus callosum; blue = brainstem.
Rows: 1.=masks overlaid on FA maps; 2.=masks overlaid on MD maps; 3.=masks overlaid on MPRAGE. Columns: 1.=sagittal plane; 2.=coronal plane; 3.=axial plane. (For
interpretation of the references to color in this figure legend, the reader is referred to the web version of the article.)

2.5. Statistical analyses

MedCalc 15.4 (MedCalc Software bvba, Ostend, Belgium) [30]
was used for descriptive and analytical statistics. Multiple regres-
sion model (stepwise method, variable entered if p <0.05, variable
removed if p>0.1) was applied as follows: independent factors
(potentially associated with white matter damage and DTI param-
eters): acute Glasgow Coma Scale — GCS, age, presence or absence
of TMBs and NHLs, number of TMBs and NHLs in the brainstem,
area of basal ganglia, corpus callosum, subcortical white matter,
and Rotterdam scores. Dependent variables: regional (subcortical
white matter, corpus callosum and brain stem) DTI parameter (FA,
MD, AD, RD) averages.

To checkif TBlinduced the suspected DTl alterations, the healthy
control DTI data were compared to the TBI DTI data.

In order to reveal relations between the CT findings, MRI and
clinical variables, Rotterdam scores were also related to age, GCS,
TMB and NHL data.

Beyond checking the effect of age on DTI parameters (see above),
relationship between age and GCS, and lesion parameters were
checked, to exclude possible interactions and to reveal if lesion
occurrence is related to age. NHL and TMB data were compared and
correlated. GCS was also related to NHL and TMB data, to assess the
relationship between acute clinical severity and lesion occurrence.

Student’s t-test was used for normal distributed data compar-
isons. Spearman’s rank correlation was used to test association
when ordinal variables were included. Chi-square test was used for
categorical variables. A p-value of <0.05 was considered statistically
significant.

3. Results
3.1. Lesion load
Out of the 38 patients, TMBs on SWI were found in 14 cases

(in 1 out of 13 (7.7%) mild (GCS=14-15), in 1 out of 4 (25%) mod-
erate (GCS=9-13), and in 12 out of 21 (57.1%) severe (GCS 3-8)
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Table 2
TMB? and NHL" distribution over regions.
Subcortical WM Corpus callosum Basal ganglia area Brainstem Overall
TMB number (SWI)
Mild (1/13)¢ 1 0 0 0 1
Moderate (1/4) 3 1 0 0 4
Severe (12/21) 80 21 24 8 133
Overall (14/38) 84 22 24 8 138
NHL number (T1, T2 and FLAIR)
Mild (2/13) 1 0 0 0 1
Moderate (1/4) 7 0 0 0 7
Severe (11/21) 20 2 3 1 26
Overall (14/38) 28 2 3 1 34

2 Traumatic microbleed.
b Non-hemorrhagic lesion.
¢ (Affected/all).

Fig. 2. Illustration of TMBs revealed by SWI in the investigated regions. TMBs (indicated by white arrows) can be seen in (A) subcortical white matter, (B) corpus callosum,

(C) basal ganglia area, (D) brainstem.

TBI patients), see Table 2. TMB count range per patient was 1-43
(mean =13, SD=14.58). Out of all patients, overall 138 TMBs were

found, in 10 cases in the subcortical white matter (sum 84 TMBs), in
8 cases (sum 22 TMBs) in the corpus callosum, in 8 cases in the area
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of basal ganglia (sum 24 TMBs) and in 4 cases in the brainstem (sum
8 TMBs), often combined, see Table 2. Fig. 2 shows TMB examples in
the different regions. No TMBs were found in the healthy controls.

Out of the 38 patients, NHLs on T1, T2 weighted and FLAIR
images together were found in 14 cases as well (in 2 out of 13
(15.4%)mild, in 1 out of 4 (25%) moderate,and in 11 out of 21 (52.4%)
severe TBI patients), see Table 2. NHL count range per patient was
1-7 (mean=2.78, SD=2.12). Overall 34 NHLs were found, in 12
cases in the subcortical white matter (sum 28 NHLs), in 1 case (sum
2 NHLs) in the corpus callosum, in 3 cases in the area of basal gan-
glia (sum 3 NHLs) and in 1 case in the brainstem (sum 1 NHL), often
combined, see Table 2. No NHLs were found in the healthy controls.

Overall TMB and NHL number per patient showed a significant
positive correlation (rho=0.54, p=0.004). Fig. 3 shows NHL exam-
ples in the different regions.

Neither TMB nor NHL parameters were significantly related to
age.

The rate of lesions detected by only one rater in the first step,
and debated in a second step by both raters whether including them
or not in the final lesion registry was 14% of all detections for rater
1, and 8% of all detections for rater 2. The intraclass correlation
coefficient between the two raters for the first step of detections
was 0.983. Discrepancies mainly arise in case of adjacent lesions,
as regarding them one large or two separate smaller lesions.

3.2. DTI parameters

In the TBI patients, the following regional DTI parame-
ter averages were measured (see Table 3): FA: subcortical
white matter=0.41203 (SD=0.0367), corpus callosum=0.5666

(SD=0.1027), brainstem=0.3768 (SD=0.0499); MD: sub-
cortical white matter=0.847 x 10> mm?/s  (SD=0.06597),
corpus  callosum=1.116 x 10> mm?2/s (SD=0.251), brain-
stem=1.164 x 10> mm?/s  (SD=0.206). AD:  subcortical
white  matter=1.2357 x 10-3mm?2/s  (SD=0.086), corpus
callosum =1.8654 x 10~3 mm?/s (SD=0.2384), brain-
stem=1.6764 x 10-3mm?2/s (SD=0.2311); RD: subcortical
white  matter=0.6578 x 103 mm?/s  (SD=0.0705), corpus
callosum =0.8339 x 10~3 mm?/s (SD=0.2111), brain-

stem=1.012 x 10~3 mm?2/s (SD=0.2133).

In the age and sex matched healthy controls, the follow-
ing regional DTI parameter averages were measured (see
Table 3): FA: subcortical white matter=0.4676 (SD=0.0353),
corpus callosum=0.7049 (SD=0.0357), brainstem=0.4189
(SD =0.0458); MD: subcortical white matter=0.7638 x 10~> mm?/s
(SD=0.0306), corpus callosum=0.8986 x 10~> mm?/s
(SD=0.1478), brainstem=1.0366 x 10> mm?/s (SD=0.2389).
AD: subcortical white matter=1.1899 x 10-3 mm?/s (SD=0.2223),

corpus callosum=1.7379 x 103 mm?2/s (SD=0.044), brain-
stem=1.5857 x 10-3mm?/s (SD=0.1295); RD: subcortical
white matter=0.6113 x 103 mm?2/s (SD=0.05601), corpus
callosum=0.6915 x 10~3 mm?/s (SD=0.0558), brain-

stem=0.8985 x 10~3 mm?/s (SD=0.1312).

Two-tailed Student’s t-test yielded significant differences
between TBI patients and controls both in FA and MD values
in all regions, see Table 3 (p values were the following for FA:
subcortical white matter <0.0001, corpus callosum <0.0001, brain-
stem=0.001; for MD: subcortical white matter=0.001, corpus
callosum=0.0004, brainstem = 0.02). Regarding AD and RD, signif-
icant difference between TBI patients and controls was only found
in the corpus callosum RD averages (p values were the follow-
ing for AD: subcortical white matter=0.3, corpus callosum=0.10,
brainstem = 0.24; for RD: subcortical white matter=0.059, corpus
callosum=0.04, brainstem=0.12).

3.3. Multiple regression analysis of clinical, imaging parameters
and DTI data

Age, NHL presence, and basal ganglia area TMB load was signifi-
cantly, negatively related to the subcortical white matter FA values
(partial r=-0.45, —0.38, —0.36; p=0.007, 0.03, 0.03, respectively,
coefficient of determination R? =0.4).

GCS was significantly, positively correlated to corpus callosum
FA values (partial r=0.57, p=0.0002, coefficient of determination
R%=0.33), and negatively correlated to corpus callosum RD values
(partial r=—0.42, p=0.0092, coefficient of determination R% =0.3).

Age was significantly, positively correlated to both subcorti-
cal white matter and corpus callosum MD values (partial r=0.64,
0.58, respectively; p<0.0001 for both, coefficient of determina-
tion R2=0.45 and 0.34, respectively). Age was also significantly,
positively correlated to both subcortical white matter and cor-
pus callosum AD values (partial r=0.58 and 0.73, respectively,
p=0.0002 and p<0.0001, respectively, coefficient of determina-
tion R2=0.33 and 0.53, respectively), and to both subcortical white
matter and corpus callosum RD values (partial r=0.49 and 0.35; p
values =0.002 and 0.036; coefficient of determination R? =0.23 and
0.3, respectively).

No other significant correlations were found between clinical,
imaging variables and DTI values.

For details, see Table 4.

3.4. Rotterdam score

Rotterdam score was not independently related to any DTI
parameters (see Section 3.3). Rotterdam score was significantly,
negatively related to GCS (rho=-0.615, p<0.0001) and positively
to TMB presence (rho=0.361, p=0.026), but not NHLs, nor age.

3.5. GCS

GCS was an independent factor significantly associated with
corpus callosum FA (see Section 3.3, and Table 4). GCS was also
significantly, negatively related to the presence of TMBs and NHLs
(TMBs: tho=-0.43, p=0.006; NHLs: rho=-0.423, p=0.0081). No
significant relation was found between GCS and age.

4. Discussion

This study aimed to reveal the significance of TMBs seen on SWI
and NHLs seen on conventional MRI in TBI by directly comparing
them to the normal appearing white matter damage rate, i.e. the DTI
alterations. Such direct comparison might help understanding the
relationship between the microvascular injury linked TMBs and the
co-existing diffuse axonal damage. An attempt was made to assess
regional features, and to adjust for potential clinical influencing
factors as GCS and age, and CT factor defined by the Rotterdam
score.

DTl is regarded to be one of the most sensitive MRI methods in
detecting axonal damage [20]. The DTI derived metric FA has been
shown by the vast majority of DTI studies to be decreased, while MD
to be increased after various severities and timespans after brain
injury, that has been explained as an effect of axonal/myelin dis-
integration [10,20,31-40]. This is in line with our present finding
of the significantly decreased FA and increased MD in TBI patients
over all regions when compared to age and sex matched healthy
controls. By a somewhat lower number of studies investigating RD
as well, RD was found to be increased after injury [41-44], that
was also supported by our finding of the significantly increased RD
values of the corpus callosum, and near-significantly increased RD
values of the subcortical white matter of the TBI patients compared
to healthy controls. Relying on these data, in the present study,
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Fig. 3. Illustration of NHLs revealed by MPRAGE in the investigated regions. NHLs (indicated by white arrows) can be seen in (A) subcortical white matter, (B) corpus callosum,
(C) basal ganglia area, (D) brainstem.

Table 3
DTI* parameter averages over regions in TBI” patients and controls.
Subcortical WM¢ Corpus callosum Brainstem
TBI Control p' TBI Control p TBI Control p
FA¢ 0.41203 (0.0367)" 0.4676 (0.0353) <0.0001 0.5666 (0.1027) 0.7049 (0.0357) <0.0001 0.3768 (0.0499) 0.4189 (0.0458) 0.001
MD® 0.847 (0.06597) 0.7638 (0.0306) 0.001 1.116 (0.251) 0.8986 (0.1478) 0.0004 1.164 (0.206) 1.0366 (0.2389) 0.02
ADf 1.2357 (0.086) 1.1899 (0.2223) 0.3 1.8654 (0.2384) 1.7379 (0.044) 0.1 1.6764 (0.2311) 1.5857(0.1295) 0.24
RD# 0.6578 (0.0705) 0.6113 (0.05601) 0.059 0.8339(0.2111) 0.6915 (0.0558) 0.04 1.012 (0.2133) 0.8985(0.1312) 0.12

2 Diffusion tensor imaging.

b Traumatic brain injury.

¢ White matter.

d Fractional anisotropy.

¢ Mean diffusivity.

f Axial diffusivity.

& Radial diffusivity.

b Numbers in parentheses indicate standard deviations.

I Two-tailed Student’s t-test, MD values: 10-> mm?2/s, AD and RD values: 103 mm?/s.
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Table 4
Factors related to regional DTI parameters in multiple regression model.
Independent variables Coefficient of Std. error Tpartial t p
determination R?
FA Corona Age 0.405 0.0002834 -0.4509 -2.902 0.0066
radiata/centrum NHL presence 0.01149 -0.3762 -2.332 0.0259
semiovale TMB load in basal ganglia area 0.004058 -0.3607 -2.221 0.0333
Corpus callosum GCS 0.327 0.002988 0.5715 4.178 0.0002
MD Corona radiata/centrum semiovale Age 0.451 4763 x10~7  0.6382 4.904 <0.0001
Corpus callosum Age 0.343 1.312x10°% 0.5854 4.332 <0.0001
AD Corona radiata/centrum semiovale Age 0.33 5128 x 1077 057 4.237 0.0002
Corpus callosum Age 0.53 1.562x 1076 0.727 6.36 <0.0001
RD Corona radiata/centrum semiovale Age 0.24 1.191x10°% 0.49 3.35 0.0019
Corpus callosum GCS 0.3 1.24x 107> -0.42 —2.755 0.0092
Age 335x10°%  0.35 2.18 0.036

FA, fractional anisotropy; MD, mean diffusivity; AD, axial diffusivity; RD, radial diffusivity; NHL, non-hemorrhagic lesion; TMB, traumatic microbleed; GCS, Glasgow Coma

Scale.

decreased FA, increased MD and RD are accepted as indicators of
axonal damage rate. The fact that AD showed no relations either
to TBI severity measures or imaging markers, moreover showed
no significant difference when compared to healthy controls in our
study, is congruent with several previous studies that found AD to
be unaffected by TBI, or get normalized in the chronic phase of TBI
[41,42,45].

Both the presence of NHLs at any region (in T1-, T2-weighted and
FLAIR images), and the TMB lesion load at the basal ganglia area (on
SWI) were independently, significantly related to low subcortical
white matter FA values, i.e. to a diffuse white matter damage of this
region. Overall TMB presence, or overall TMB count itself was not
independently related. This implies that TMB formation at other
sites (e.g. subcortical white matter) might be rather dependent
on the patients’ individual microvascular susceptibility to shears,
and not to the actual axonal damage, while TMB development in
the basal ganglia area might be due to a certain type and rate of
mechanic stress that is associated with a diffuse injury of the white
matter of higher regions. Or, TMBs at other sites, though might
be prominently present at a high number and overall volume, are
highly inter-related with other factors as e.g. GCS, and alone do not
further discriminate the FA values. These findings are somewhat
contradictive to studies in which SWI (or T2* GRE) lesion number or
volume, irrespective from localization, has been shown to be asso-
ciated with outcomes, and therefore probably with axonal injury
[7,8,11,13,15,46]. However, most of these studies were conducted
on children and did not focus on brain regions. A study investi-
gating multi-modal MRI TBI outcome prediction has shown that
besides T2 weighted imaging and FLAIR, SWI alone did not dis-
criminate by outcome [47]. Studies focusing on regional aspects
of TMBs have underscored that TMBs in deeper brain regions are
predicting poorer outcomes, or are associated with a poorer actual
clinical state/injury severity [12,16,48]. Keeping the Adams’ local-
ization based DAI grading in mind, this is not surprising [49]. When
adjusting for age, GCS, Rotterdam scores, as performed in this study,
subcortical white matter and corpus callosum TMBs, though they
occur ata much higher rate than NHLs do (as presented in this study
as well), do not seem to be able to further discriminate the underly-
ing microstructural damage of the normal appearing white matter.
Age was not correlated with TMBs in our study, which supports
that the recorded TMBs were not significantly biased by cerebral
microbleeds of other pathological origin (aging/small vessel dis-
ease). This was important since small vessel disease related cerebral
microbleeds themselves are known to be associated with a diffuse
poorer microstructural integrity [50].

The linkage between the presence of NHL (even if a single NHL
is present on T1-, T2-weighted or FLAIR images) and the lower
FA of the subcortical white matter suggests that the appearance
of NHLs might be more directly related to white matter dam-

age than the TMBs’, and though they occur less frequently, their
presence is prominently indicative of an underlying diffuse axonal
pathology beyond the actual focal injury. This might explain the
previous studies finding a relationship between focal parenchymal
MRI abnormalities and injury severity and outcome [11,47,51-53].
It has to be kept in mind though, that in the present study the NHLs
were assessed by combining three modalities (T1-, T2-weighted
and FLAIR images), so it is not a single modality that catches up
with similar information provided by SWI. No attempt was made
to assess these modalities separately. One reason for this was to
keep the study robust, other that the evaluation of the NHLs seemed
to be most reliable when adding up the information from the co-
registered images of the different modalities. Such co-registration
can not only be performed in a research environment, it is available
in most current MRI workstations, therefore can be achieved in a
clinical setting as well. The fact that age did not correlate with NHLs
supports that NHL raters were reliably able to discriminate non-
specific aging scars from true NHLs. Still, though observing NHLs
was presented to be just as important as the TMBs in the basal gan-
glia area, the reading of the single modality SWI to evaluate TMBs
is apparently simpler than a multi-modal assessment of NHLs.

It might be raised that because of the relatively late (chronic)
imaging performed in this study, some TMBs or NHLs could have
been missed. Concerning TMBs, this is very unlikely. Though TMBs
were shown to possibly change (expand) in the very acute phase
after the injury [54], in the chronic phase, apart from a possible
slight attenuation, they were mostly shown to be constant in their
appearance even through years [55-57]. Regarding NHLs, we are
not aware of long-term studies investigating lesion progression or
cessation, we cannot exclude that some lesions disappeared till the
imaging time point. A similar study performed in the acute phase
might help further refinement of the relationship between NHLs
and diffuse axonal damage.

Of the investigated parameters, GCS was independently pos-
itively correlated with FA and negatively with RD values of the
corpus callosum. GCS was recorded in the acute phase, and the FA
and RD values were measured in the chronic, thus the damage of
the commissural white matter associated to the altered levels of
consciousness appears to be a long-term consequence. The associ-
ation between the damage of the corpus callosum, consciousness
and neurocognitive impairment, and the long-term FA reduction
and RD increase of the corpus callosum in TBI patients is supported
by several papers [32,39-41,43,58-63]. The most interesting addi-
tional finding of this study is that neither corpus callosum TMBs
or NHLs were independently, specifically associated with the clini-
cally important microstructural disruption at this region. Thus, one
might expect a clinically significant microstructural injury of the
corpus callosum even despite of apparent macroscopic focal pathol-

Please cite this article in press as: A. Toth, et al., Both hemorrhagic and non-hemorrhagic traumatic MRI lesions are associated with the
microstructural damage of the normal appearing white matter, Behav Brain Res (2017), http://dx.doi.org/10.1016/j.bbr.2017.02.039



dx.doi.org/10.1016/j.bbr.2017.02.039

G Model
BBR-10733; No.of Pages11

A. Toth et al. / Behavioural Brain Research xxx (2017) xxX—Xxx 9

ogy including any MRI modality, a finding also reported previously
[64].

This study found a significant correlation between age and low
subcortical white matter FA, increased subcortical white matter
MD, AD, RD and increased corpus callosum MD, AD and RD. Except
for subcortical white matter FA and corpus callosum RD, age was the
only related independent factor. The strong association between
normal aging and diffusivity alteration (FA decline, MD, AD and RD
increase) as seen in the present work, has been widely character-
ized by previous studies [65-69]. Unfortunately, TBI is regarded
to cause mostly the same directions in diffusivity changes, which
makes the differentiation between the two effects challenging. In
case of the subcortical white matter FA, both trauma related TMBs
and NHLs, as well as age were yielded as independent factors. It is
highly possible, that white matter aging is triggered by TBI. A set of
previous studies shown that FA is not only acutely decreased after
TBIover certain brain regions, but FA further decreases over years in
the affected regions [40]. However, MD and AD increase was specif-
ically linked to aging in our study. One explanation might be that
MD alteration in the chronic phase is less specific for TBI, i.e. MD
change due to the injury melts into the more pronounced effect of
aging. A more detailed regional analysis might help in distinguish-
ing these effects, since both normal aging and TBI is characterized
by typical spatial patterns of diffusivity alteration [70-72].

We aimed to check if one of the most powerful CT prognos-
tic scores, the Rotterdam score is able to predict white matter
microstructure damage, compared to the MRI techniques. Rot-
terdam scores were very strongly correlated with GCS, and after
adjusting for GCS, Rotterdam scores were not able to further explain
any diffusivity differences in the TBI population. By these means,
MRI detection of TMBs and NHLs outperformed CT.

The most limiting circumstance in this study was the relatively
late (chronic) image acquisition. Because of this, raters might have
missed NHLs, and diffusivity alteration might have been affected
by non-specific factors (aging, neuro-rehabilitation, etc.). At the
same time, the long term follow-up data are valuable since out-
come prediction is a major aim of TBl imaging. Other limiting factor
was the use of manual tracing and region-of-interest technique for
the calculation of regional DTI metrics. Unfortunately, because of
the prominent structural differences between the patients, inter-
subject co-registration was unreliable and often impossible, that
made voxel-wise techniques useless. By overcoming these issues,
probably a more precise understanding of focal lesion-diffuse
injury association would become achievable.

4.1. Conclusion

Both hemorrhagic (TMBs on SWI), and non-hemorrhagic (NHLs
on T1-, T2 weighted and FLAIR images) features of DAI are associ-
ated with widespread chronic diffusivity alterations in the normal
appearing white matter even after adjusting for age, GCS and Rot-
terdam scores. The presence of NHLs, even when only a single
NHL is present, indicates a diffuse microstructural disintegration.
Surprisingly, though SWI typically detects a higher number of
parenchymal lesions in DAI then other modalities due to its high
sensitivity, not overall lesion presence, -count or -volume, but only
TMB load of the basal ganglia area was independently related with
decreased normal appearing white matter FA levels. One expla-
nation might be that TMBs of higher level white matter regions
(corpus callosum, subcortical white matter) are rather dependent
of an individual microvascular vulnerability than of the linked
axonal damage.

This finding also indicates that regional heterogeneity of injury
could significantly affect the natural history as well as the effect of
therapeutic interventions emphasizing the need for individualized
diagnostic scores and treatment approaches.

Based on the better understanding of the relation between
macroscopic focal- and microscopic diffuse pathology, in order to
estimate DAl in a clinical environment, a conventional lesional MRI
pathology evaluation might at least in part substitute the use of
quantitative DTI.
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