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This research investigates the chronic effect of moderate
to severe traumatic brain injury on brain white matter in-
tegrity, as reflected by diffusion tensor imaging metrics,
and the assessment of their correlation to neuropsycholog-
ical response. Thirteen male participants with traumatic
brain injury (8.4 years average post-injury time) were com-
pared to a matched group of neurologically healthy con-
trols. None of the traumatic brain injury subjects had
received post-acute neurocognitive and/or neuropsycho-
logical rehabilitation. Between-group comparison of frac-
tional anisotropy, mean diffusivity, axial diffusivity, and
radial diffusivity was performed for the whole brain and
corpus callosum. An extensive battery of visual and ver-
bal memory tasks was employed for the comparative as-
sessment of neurocognitive performance. Between-group
and within-group performance differences were correlated
with fractional anisotropy, mean diffusivity, axial diffusiv-
ity, and radial diffusivity of corpus callosum. Significant
changes in global fractional anisotropy, mean diffusivity,
and radial diffusivity were associated with traumatic brain
injury. Visual memory capacity was reduced in traumatic
brain injury, and this deficit was correlated to white matter
integrity loss at the corpus callosum. Participants with trau-
matic brain injury underperformed controls in verbal mem-
ory as well, but no correlation with corpus callosum diffu-
sion tensor imaging properties was established. Between-
group performance difference was correlated with corpus
callosum diffusion metrics in several tasks. Significant cor-
relations were found between corpus callosum diffusion
tensor imaging metrics and neuropsychological response
within the traumatic brain injury group. Changes in whole

brain and corpus callosum diffusion tensor metrics inflicted
by moderate to severe traumatic brain injury are still evi-
dent several years post-injury and relate to neurocognitive
impairment, while loss of white matter integrity seems to
correlate with episodic and working memory impairment.
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1. Introduction
Traumatic brain injury (TBI) is a public health challenge of

vast proportion (Maas and Menon, 2017). Moderate to severe TBI
is increasingly regarded as a condition with neuropsychological ef-
fects that extend through acute and chronic phases for several years
post-injury, resulting in a neurodegenerative cascade (Konstanti-
nou et al., 2016; Laglois et al., 2006). Diffusion tensor imaging
(DTI), can assist in injury characterization and monitoring of TBI
evolution (Kwon and Jang, 2012) and observation of neural regen-
eration (Jiang et al., 2013). Specifically, DTI-derived metrics as-
sess injury-induced changes in oriented tissue such as brain white
matter (WM) (Hutchison et al., 2016; Levin et al., 2008; Moseley
et al., 2008). The characterization and quantification of changes
inflicted by TBI on brain microstructure, the assessment of their
effect on neuropsychological response, as well as the tracking of
their time evolution, may provide guidance for patient manage-
ment in terms of rehabilitation, participation in community life,
and ability to work (Lorenz and Katz, 2015). Brain microstructure
assessment by DTI during the TBI sub-acute phase may constitute
a tool for predicting long-term cognitive outcome (Endlow et al.,
2016; Messè et al., 2011;Wang et al., 2011;Wilde et al., 2008). Al-
though further standardization of DTI implementation and report-
ing may be needed (Asken et al., 2017; Fortin et al., 2017), residual
microstructural abnormalities and functional loss are generally re-
ported as chronic consequences of TBI (Faber et al., 2016; Hashim
et al., 2017; Moen et al., 2016).

Memory functions require uni- and bi-lateral transfer of infor-
mation through the corpus callosum (CC), a WM structure vul-
nerable to TBI (Arenth et al., 2014; Mathias et al., 2004; Pollmann
et al., 2004; Schulte et al., 2005; Treble et al., 2013). Damaged
microstructural integrity of CC due to TBI may disrupt this con-
nectivity, thus impair memory. A longitudinal study in partici-
pants with severe TBI reported that corpus callosal DTI measures
at the acute phase can predict long-term outcomes in learning and
memory (Wang et al., 2011). Other TBI-related studies have doc-
umented declarative memory correlates with fractional anisotropy
(FA), a DTI-derived metric, at the splenium, while working mem-
ory correlates with FA at the genu (Schulte et al., 2005; Treble
et al., 2013). Although FA has been reported to predict outcome
of memory rehabilitation interventions (Strangman et al., 2012),
inconsistent findings have been reported as to whether corpus cal-
losal FA declines at the chronic phase of moderate to severe TBI
(Voelbel et al., 2012). Thus, CC qualifies as a structure of particu-
lar interest in the study of traumatic changes and in the attempt to
unravel structural predictors of memory performance after TBI.

This study aims to characterize and assess brain WM integrity
loss as a chronic consequence of moderate to severe TBI. There-
fore, DTI metrics were assessed in the whole brain and at the CC
for participants with TBI and healthy controls. The relationship of
these metrics with the neuropsychological response to brain injury
was also investigated. It was hypothesized that loss of CCWM in-
tegrity would be correlated with working and episodic memory
impairment.

2. Materials and Methods
Twenty males, native speakers of the Greek language, with a

primary diagnosis of significant moderate to severe (moderate-

Table 1. Demographic data of participants with TBI, includes
Galveston Outcome Scale Extended (GOSE) score at the time of

study admission.

TBI subject Age (Years) Education (Years) TSI (Months) GOSE

1 41 8 36 4

2 23 13 63 6

3 24 15 60 4

4 24 13 24 6

5 29 12 166 8

6 29 14 76 5

7 60 11 156 5

8 24 14 84 3

9 47 12 274 6

10 30 18 179 -
11 35 17 27 7

12 29 16 24 8

13 37 16 139 6

M = 33.2;

SD = 10.8

M = 13.8;

SD = 2.71

M = 101;

SD = 76.5

M = 5.7;

SD = 1.6

TBI: traumatic brain injury, TSI: time since injury, M: mean, SD: stan-

dard deviation

severe) closed head injury at least 12 months prior to study re-
cruitment were initially included as TBI subjects and underwent a
magnetic resonance imaging (MRI) exam. All subjects with TBI
had sustained diffuse axonal injury with contusions as evidenced
by their initial MRI scans performed soon after injury. Detailed
inclusion and exclusion criteria are provided by Konstantinou et al.
(2016). Thirteen subjects with TBI remained in the study after ex-
cluding MRI scans that presented difficulties in non-linear align-
ment with the tools described in the following image processing
and statistical analysis section. The age of the remaining subjects
(TBI group) ranged from 23 to 60 years at the time of testing and
their education ranged from 8 to 18 years. Subjects with TBI were
recruited on average 8.4 years post-injury. Table 1 provides de-
mographic information as well as information from the Galveston
Outcome Scale Expanded (GOSE), a functional outcome scale ob-
tained at the time of the study. GOSE scores indicate the presence
of moderate-severe disability several years post-injury for the ma-
jority of the subjects with the following distribution of recovery:
three subjects had achieved good recovery (scores 7 or 8), six sub-
jects demonstrated moderate upper or lower disability, required
some assistance with daily activities, and were unable to return to
work (scores 5 or 6), and three subjects exhibited severe upper or
lower disability and could not live independently or perform daily
activities without considerable assistance (scores 3 or 4). All sub-
jects demonstrated focal neurological signs at the time of injury
and were hospitalized for several days during the acute phase of in-
jury management. Glasgow Coma Score (GCS) information was
not consistently available and therefore is not included.

Seventeen non-injured, Greek speaking males were carefully
recruited to the group of healthy controls (HC). One participant
was unable to complete the MRI examination due to claustro-
phobia and was excluded from subsequent analysis. Two partic-
ipants were also excluded due to image artefacts identified at the
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Figure 1. Areas of observed statistically significant difference (FWE-corrected p < 0.05) between control and TBI groups, super-imposed
on FMRIB-58 template. Within these areas TBI group presented (A) lower FA, (B) higher Mean Diffusivity and (C) higher Radial Diffusivity,
compared to the control group.

stage of image pre-processing. The two groups (TBI and HC)
were closely matched on age, education, and socioeconomic sta-
tus (with the exception of two participants, all subjects with TBI
were pair matched with controls). While the sample sizes are mod-
est, this study was unique as none of the TBI group had received
any post-acute neurocognitive and/or neuropsychological rehabil-
itation and data analysis used extensive neuropsychological mea-
sures alongwith imaging indices. Approval was granted by theNa-
tional Bioethics Committee for all procedures followed andwritten
consent was obtained from each participant.

A spin-echo, echo-planar-imaging, parallel imaging enhanced
(SENSE factor 2) three dimensional acquisition scheme (TE = 43
msec, TR = 18477msec, EPI factor = 61, acquisition voxel size 2×
2× 2 mm3) was employed on a three Tesla MRI system (Achieva,
Philips Medical Systems, the Netherlands), to acquire reference (b
= 0 sec/mm2) and diffusion-weighted (b = 1000 sec/mm2) volumes
for all participants. Thirty-two gradient directions were used for
diffusion sensitization. Following each acquisition, 68 axial slices
of the brain were reconstructed with a voxel size of 1.8× 1.8× 2.0
mm3. The scanning session also included other pulse sequences
to exclude significant brain pathology of different etiology (e.g.,
T1-weighted rapid acquisition gradient-echo, T2-weighted turbo
spin echo, fluid-attenuated inversion recovery). Average scanning
time per participant was 29.5 minutes.

Reconstructed diffusion-weighted images were corrected for
patient motion (between the two acquisitions with different b val-
ues) and for eddy current distortions. Voxel wise statistical anal-
ysis for the calculation of FA, mean diffusivity (MD), radial dif-

fusivity (RD) and longitudinal or axial diffusivity (AD) maps was 
carried out using Tract Based Spatial Statistics (TBSS) (Smith et 
al., 2006). TBSS is part of the FMRIB software library, abbre-
viated as FSL. Multiple comparisons correction was applied by 
controlling Family-Wise Error (FWE) rate at the level of 0.05.

Four working and two episodic memory tasks were employed 
to assess visual memory performance, while verbal memory ca-
pacity was evaluated by means of five working and three episodic 
memory tests. Individual visual and verbal memory test scores 
were combined to give two composite scores corresponding to vi-
sual and verbal memory constructs, respectively, using a method 
advocated by Cahn et al. (1998), and previously used in TBI re-
search (Cojen et al., 2003; Constantinidou et al., 2008; Konstanti-
nou et al., 2016). Tests employed are shown in Table 2.

The Visual Memory tests included the Rey Complex Figure 
Test (immediate, delayed recall and recognition total score, Mey-
ers and Meyers (1995)), the Visual Span Forward and 
Backwards (adapted from WMS-R, Wechsler (1997)), and 
two experimen-tal memory tasks enabling the separate 
assessment of two dis-tinct mechanisms of spatial and object 
VSTM: 1. the spatial vi-sual short-term memory (VSTM) 
experimental task threshold, and 2. the object VSTM 
experimental task threshold (described in Konstantinou et al. 
(2016)). The Verbal Memory test battery in-cluded the Greek 
adaptation of the Auditory Verbal Learning Test (AVLT), total 
score of trials 1–5, difference score between trial 5 and trial 1, 
short delay free recall (Trial 6), long delay free re-call (Trial 7), 
and the list A true positive recognition score (Con-stantinidou 
and Evripidou, 2012), the Digit Span Forward and
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Figure 2. (A) Object VSTM Threshold Score vs. Axial Diffusivity. Statistically significant slope difference between control and TBI groups on 
the left side of the body of Corpus Callosum (FWE Corrected p ≤ 0.05), and (B) positive linear correlation (FWE Corrected p ≤ 0.05) between 

Object VSTM Threshold Score and Fractional Anisotropy within TBI group on the left side of the body of Corpus Callosum.

Backwards total score (Greek adaptation of the Wechsler Mem-
ory Scale-Revised, WMS-R), and the adapted paragraphs from the
WMS-R Story Recall subtests (sum of the immediate recall and the
sum of the delayed recall scores). The combined scores (compos-
ites) of these tasks were also evaluated to perform a comprehensive
assessment of visual and verbal memory.

Participants performed a delayed match-to-sample VSTM task
maintaining a set of shapes in VSTM throughout a one second re-
tention interval by visually projecting them onto a screen while
not verbalizing them. During the response period of the task, par-
ticipants pressed a button to respond whether the memory probe
item appeared at the same location as any of the memory-set items
for the spatial VSTM task or whether the memory probe item ap-
pearing at fixation was identical to any of the previously viewed
memory set items. This design enabled separate assessment of two
distinct mechanisms of spatial and object VSTM. Further details
concerning the following VSTM task procedures can be found in
Konstantinou et al. (2016).

A one-way ANCOVA (26 degrees of freedom) was conducted
to determine whether a statistically significant difference in cog-
nitive performance existed between the participants with TBI and
the matched HC group, when controlled for age and education.
The Levene's test was utilized to check equality of variances (ho-
mogeneity of groups) prior to the ANCOVA test, and homogeneity
of regression slopes was assessed to verify the reliability of AN-
COVA results. Differences between groups are quoted with Bon-
ferroni corrected p-values (Table 1).

Between-group comparison of whole brain WM diffusion
properties was conducted by TBSS implementation. The four ex-
planatory variables (FA, MD, AD, and RD) were fitted to a Gen-
eral Linear Model, whilst age and education of the participants
were included as confounding parameters. Two contrasts were
used for statistical testing. One to designate controls higher than

participants with TBI and one for the opposite relation.

Between-group comparisons using ROI-based TBSS analyses
were conducted to determine areas of CC with statistically signif-
icant slope differences regarding correlations between individual
cognitive performance scores and diffusion tensor metrics (FWE
corrected p≤ 0.05). To this end, a CC structure extracted from the
MNI structural atlas was used. Following thresholding at 10%, the
CC structure was binarized and used to mask the skeletonized data
employed for the subsequent process of permutation testing.

Within-group ROI-based TBSS analyses were also conducted
separately for each group to determine CC areas with statistically
significant correlations between cognitive performance and diffu-
sion metrics. The aim was to identify diffusion tensor metrics that
could potentially function as within-group predictors of cognitive
performance.

To determine the direction (positive or negative) of the cor-
relations mentioned above, multiple regression models were em-
ployed. The input parameters included the cognitive performance
score as the dependent variable, and the diffusion metric of inter-
est (mean value within the area delineated via TBSS), age, and
education level as the independent variables. Before running the
multiple regression models, a Grubb’s outlier test (α = 0.01) was
used to identify possible outliers of DTI metrics.

3. Results
Controls outperformed TBI subjects in several visual and ver-

bal working memory tasks (“immediate recall of Rey complex fig-
ure”, “Object VSTM threshold”, “AVLT total score in trials 1–5”,
“digit span sum”, and “immediate story recall”) and some of the
episodic memory tasks (“delayed recall of Rey complex figure”,
“long delay free recall”, and “story delayed recall”). Additionally,
there was a statistically significant group difference in visual and
verbal composites, demonstrating the adverse long-term effects of
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Table 2. Visual and verbal memory performance comparison between control and TBI groups.

Neuropsychological Assessment Group Difference (significant at α = 0.05)

V
is
ua
lM

em
or
y
Ta
sk
s

Working Memory Tasks

Rey Figure Immediate Recall Yes, (F(1, 25) = 12.45, p = 0.002)
Visual Span Total No, (F(1, 25) = 1.30, p = 0.27)
Spatial VSTM Threshold No, (F(1, 25) = 2.09, p = 0.16)
Object VSTM Threshold Yes, (F(1, 25) = 8.72, p = 0.007)
Episodic Memory Tasks

Rey Figure Delayed Recall Yes, (F(1, 25) = 7.50, p = 0.011)
Rey Figure Recognition No, (F(1, 25) = 1.38, p = 0.25)
Visual memory Composite∗ Yes, (F(1, 25) = 7.14, p = 0.014)

V
er
ba
lM

em
or
y
Ta
sk
s

Working Memory Tasks

AVLT∗∗ Total Score in trials 1-5 Yes, (F(1, 25) = 5.02, p = 0.035)
Learning Curve (AVLT 5-1) No, (F(1, 25) = 0.004, p = 0.95)
Short Delay Free Recall No, (F(1, 25) = 2.18, p = 0.15)
Digit Span Total Yes, (F(1, 25) = 4.5, p = 0.044)
Story Immediate Recall Yes, (F(1, 25 = 7.6, p = 0.011)
Episodic Memory Tasks

Long Delay Free Recall Yes, (F(1, 25) = 4.2, p = 0.052)
AVLT Recognition List A No, (F(1, 25) = 2.1, p = 0.16)
Story Delayed Recall Yes, (F(1, 25 = 14.87, p = 0.001)
Verbal memory composite Yes, (F(1, 25 = 7.92, p = 0.01)

∗ Visual and verbal memory composites are the combined scores from all relevant cognitive tasks administered.

∗∗ Auditory verbal learning test.

TBI in memory capacity. Table 2 gives group comparison results
for each test.

Whole brain TBSS analysis helped unravel the chronic effect
of TBI on WM integrity by detecting statistically significant dif-
ferences in DTI properties between HC and TBI groups. The latter
exhibited global reduction in FA and increase in MD and RD com-
pared to HC (FWE-corrected p < 0.05, Fig. 1). The two groups
did not present statistically significant differences in AD. How-
ever, such difference was found at a lower threshold (CL 90%) in
a large part of the WM network.

Table 3 presents FA, MD, and RD numerical data from the
TBSS-detected areas (Fig. 1) along with statistically significant
differences between the HC and TBI groups. The AD values cor-
respond to the whole brain as no areas with statistically significant
intergroup differences were identified by TBSS.

The measured neuropsychological group differences in visual
memory performance were correlated with CC diffusion metrics
in one working (Object VSTM Threshold) and one episodic (de-
layed recall of Rey complex figure) memory related task. For the
“Object VSTM Threshold” task, between-group cognitive perfor-
mance difference was found to correlate with AD on the left side of
the CC body (Fig. 2A). In the same region, AD was found to cor-
relate negatively (p = 0.007) with the “Object VSTM Threshold”
score among participants with TBI. No relevant correlationwas es-
tablished for the HC group. Within-group analysis also yielded a
positive (p= 0.002) linear correlation between the “Object VSTM
Threshold” score and FA on the left side of the body of CC for the
participants with TBI (Fig. 2B), similarly with no corresponding
correations for the HC group.

For the delayed recall of the Rey complex figure, TBSS analy-

sis showed a group difference for the correlation slope between
the cognitive score and FA in part of the CC body (Fig. 3A).
Between-group slope difference was also found for the correla-
tion between the score for the delayed recall of the Rey complex
figure and MD on the left side of the body and the anterior CC
(Fig. 3B). Further regression analysis showed a positive linear re-
lationship of the Rey complex figure delayed recall performance
score with FA (p = 0.002) and a negative linear relationship with
MD (p= 0.007) for TBI subjects, in the corresponding anatomical
areas just mentioned.

In both the cases just quoted, it is assumed that the observed
within-group correlations could account for the observed group
differences. In the case of immediate recall of the Rey complex
figure, the detected group difference in neuropsychological per-
formance was not accompanied by any observations from com-
parative TBSS analysis at the CC.

Statistically significant group differences in correlations be-
tween “Object VSTM Threshold” score and axial, mean, and ra-
dial diffusivity were also found by TBSS group comparison at the
splenium of CC. However, they were rejected by the Grubb’s test
(α = 0.01) as outlier-driven correlations.

Within-group TBSS and regression analysis for the subjects
with TBI presented a statistically significant positive linear corre-
lation (p = 0.0002) between the combined cognitive performance
score of all visual memory tasks and FA at the body of CC, extend-
ing from the isthmus anteriorly to the limits of the genu (Fig. 4).
The same regression model for the HC group indicated a statisti-
cally significant positive correlation of the composite score with
education level (p = 0.045) and a marginally statistically signifi-
cant negative correlation with age (p = 0.057), but no significant
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Figure 3. (A) Statistically significant slope difference between control and TBI groups for the correlation of Rey Delayed Recall Score and
Fractional Anisotropy at the body of Corpus Callosum (FWE-corrected p ≤ 0.05), and (B) Statistically significant slope difference between
control and TBI groups for the correlation of Rey Delayed Recall Score and Mean Diffusivity on the left side of the body and anterior Corpus
Callosum (FWE-corrected p ≤ 0.05).

Figure 4. Positive linear correlation (FWE Corrected p ≤ 0.05) between Visual Memory Composite and Fractional Anisotropy within the TBI
group at the body and anterior Corpus Callosum.

correlation with FA.
The measured neuropsychological group differences in verbal

working and episodic memory performance (i.e. AVLT total score
in trials 1–5, digit span sum, story immediate recall, long delay
free recall, and story delayed recall) were not found by statistical
testing to be correlated with CC diffusion metrics.

For the delayed free recall task, however, an area extending
through the whole length of CC was found to exhibit statistically
significant negative linear correlation (p = 0.007) between perfor-
mance score and MD (Fig. 5A) within the TBI group. A smaller
CC area of negative correlation (p = 0.005) was also revealed for
RD (Fig. 5B).

Although no significant group difference was found in neu-
ropsychological performance for the List A true positive recog-
nition task, TBSS analysis indicated a statistically significant
between-group difference in the correlation slope between perfor-
mance score andMD through the whole CC length (Fig. 6A). Such

differencewas also shown for the correlation between performance
score and RD, extending from the CC body to the posterior left
part through the junction with the splenium (Fig. 6B). Subsequent
multiple regression analysis among TBI subjects yielded a statisti-
cally significant negative linear correlation of List A true positive
recognition score with MD (p = 0.00005) and age (p = 0.0005).
A similar correlation was found between performance score and
RD (p = 0.00008) and age (p = 0.0008). It is assumed that the
observed correlations within the TBI group account for the corre-
sponding group differences, since no such correlations were found
within the HC group.

The subjects with TBI also presented a statistically significant
negative linear correlation (p = 0.0001) between List A true pos-
itive recognition performance score and AD at the anterior left
part of the CC body (Fig. 7). Regression analysis in this area
also yielded a statistically significant negative correlation of per-
formance score with age (p = 0.001).
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Figure 5. (A) Statistically significant negative linear correlation (FWE-corrected p ≤ 0.05) between the delayed free recall performance score
and Mean Diffusivity at the Corpus Callosum determined by TBSS for the TBI group, and (B) Statistically significant negative linear correlation
(FWE-corrected p ≤ 0.05) between the delayed free recall performance score and Radial Diffusivity at the anterior and posterior part of corpus
callosum determined by TBSS for the TBI group.

Although a statistically significant difference between the two
groups was measured for the composite verbal memory score, no
significant correlations were established with CC diffusion met-
rics.

4. Discussion

tegrity several years post-injury, residual microstructural damage
relating to axonal loss may be also present at the CC, a sugges-
tion that adds to previous reports of apparent irreversible myelin
damage observed in moderate-severe TBI (Kraus et al., 2007).

Current neuropsychological results demonstrated that HC out-
performed TBI subjects in several tasks, as well as in the over-
all assessment of visual and verbal memory. The employment of
composites for the overall memory assessment helped minimize
specificity issues related to individual tasks and multiple statis-
tical comparisons, thus improving reliability. In a recent study,
composite memory scores were found to correlate with FA and
RD in various tracts, including the corpus callosal fiber pathway,
indicating persistent functional loss in chronic TBI (Hashim et al.,
2017).

Using comparative TBSS analysis, an attempt was made to de-
tect CC regions with group differences regarding the correlation
between individual task performance scores and diffusion met-
rics. This scenario was confirmed for two visual memory tasks
(one working and one episodic) in which HC outperformed TBI
subjects, and for one verbal episodic memory task in which the
two groups performed similarly. No statistically significant group
difference was detected for the correlation slope between verbal
working memory performance and CC diffusion metrics. These
findings indicate that the extent of the involved CC area depends
on the selected diffusion metric.

Analysis within the control group of the visual memory com-
posite showed that visual memory performance is driven by a pos-
itive correlation with education level and a negative correlation
with age. Within the group of TBI subjects however, a positive
correlation with FA at the CC body, extending anteriorly from the
isthmus, was revealed (Fig. 4). Despite the observed correlations
between overall visual memory performance and FA within TBI

It has previously been suggested that moderate-severe brain in-
juries inflict both axonal and myelinic damage, as opposed to mild 
injuries in which damage is primarily axonal (Kraus et al., 2007). 
Widespread brain network decrease in FA and increase in MD have 
been reported in both the sub-acute and chronic phases of TBI. 
This probably reflects demyelination and swelling of axons (Ben-
son et al., 2007; Endlow et al., 2016; Hashim et al., 2017; Kennedy 
et al., 2009; Kinnunen et al., 2011; Kraus et al., 2007). Some stud-
ies have also reported increase in AD (Hashim et al., 2017; Kin-
nunen et al., 2011). In this study, four diffusion tensor measures 
were employed to assess the global WM and CC changes present 
in the chronic phase of moderate-severe TBI. Global decrease in 
FA, as well as increase in MD and RD, were evident in these sub-
jects. Nevertheless, no difference was found in global AD between 
HC and TBI subjects at the 95% confidence level. It has been sug-
gested that RD in WM is modulated by myelin, whereas AD pri-
marily relates to axonal integrity (Alexander et al., 2007). Hence, 
demyelination is associated with an increase in RD and may not 
have a significant influence on AD (Harsan et al., 2006; Song et 
al., 2002, 2005; Tyszka et al., 2006). Therefore, current whole-
brain results suggest myelin-related damage, as no group differ-
ence in global AD was noted. Nevertheless, CC results revealed 
that although most of the between-group differences in the correla-
tion slope involved RD, some correlations within the TBI subject 
group, as well as between-group differences, involve AD. This in-
dicates that although myelin-related damage affects global WM in-
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Table 3. Diffusion metric measurements from TBSS-detected areas with statistically significant difference between the HC and TBI
groups (Fig. 1) for each metric (AD values correspond to the whole brain as TBSS analysis indicated no areas with statistically

significant intergroup differences).

Metric Mean SD SEM 95% Confidence Interval for group difference Statistical Significance

FA
HC 0.51 0.03 0.01

(0.0063 , 0.064) t = 2.6, p = 0.0015
TBI 0.47 0.04 0.01

MD(x10−4 mm2/s−1)
HC 6.06 0.21 0.06

(-1.43 , -0.03) t =−2.23, p = 0.034
TBI 6.79 1.26 0.34

RD(x10−4 mm2/s−1)
HC 8.34 0.57 0.15

(-3.42 , -0.18) t =−2.34, p = 0.025
TBI 10.14 2.78 0.77

AD(x10−4 mm2/s−1)
HC 10.15 0.22 0.06

(-0,95 , 0,06) t =−1.98, p = 0.06
TBI 10.60 0.81 0.23

HC: Healthy Control, TBI: Traumatic Brain Injury subjects, TBSS: track-based spatial statistics, FA: fractional anisotropy, MD: mean diffusivity, RD:

radial diffusivity, AD: axial diffusivity, SD: standard deviation, SEM: standard error of the mean.

Figure 6. Statistically significant slope difference between control and TBI groups (FWE-corrected p ≤ 0.05) for the correlation between list A
true positive recognition score and (A) Mean Diffusivity extending over the whole length of Corpus Callosum and being prominent on the left,
and (B) Radial Diffusivity extending posteriorly and leftwards from the body of Corpus Callosum.

subjects, no corresponding between-group differences were ob-
served at the chosen confidence level (95%). Yet, such differences
were evident at a lower threshold (CL 90%). This suggests that
a firm conclusion on the correlation of visual memory loss with
CC diffusion metrics could possibly be documented with a larger
sample size.

Salmond et al. (2006) reported correlation of reduced FA at CC
with learning and memory measures in chronic TBI. In the current
study, within-group CC analysis of learning and memory individ-
ual tasks showed correlation between memory performance and
various diffusion metrics only for the TBI group. FA correlated
positively with performance in one visual working memory task,
whilst AD and MD correlated negatively with performance in two
verbal episodic memory tasks. Arenth et al. (2014) reported that,
in TBI, reduced FA at the splenium relates to declarative memory
and at the genu relates to working memory. Here, CC diffusion
was found to correlate with working and episodic visual memory,

as well as with episodic but not working verbal memory. Consid-
eration of the current and previous findings suggest that inferences
in this type of correlation analysis depend on the DTI metric em-
ployed and the specific anatomical sub-region involved and can
therefore be complicated. Nevertheless, the employed approach
of correlating DTI changes to neuropsychological response seems
to enable insight even when microstructural changes in WM are
not followed by neurological or neuropsychological changes.

Inherent methodological limitations mainly relate to the spa-
tial resolution of MRI, which is of the order of millimetres while
diffusion occurs at a scale of micrometres. Minor quantities of
cerebrospinal fluid that may be measured as water diffusion, im-
age noise, and artefacts, as well as correction, pre-processing and
registration algorithm limitations, add to the overall analytic un-
certainty (Alexander et al., 2007). Apart from the approximations
imposed by partial volume effects, the multi-compartmental na-
ture of water diffusion in nervous tissue is underestimated by the

102 Yiannakkaras et al.



Figure 7. Statistically significant negative linear correlation (FWE-corrected p ≤ 0.05) between list A true positive recognition score and axial
diffusivity at the anterior left Corpus Calossum as determined by TBSS for the TBI group.

mono-exponential fitting of a diffusion-weighted signal intensity.
Thus, employment of other models, such as the continuous time
random walk model (Gatto et al., 2019), could be considered in
the future to mitigate shortcomings of the DTI model. Gender dif-
ferences have also been identified as a factor to consider in study of
the corpus callosum (Luders et al., 2010). The pooling of uniquely
male subjects, leaves a question as to whether inferences are valid
for females. On the other hand, findings are not obscured by po-
tential sex differences. The presence or absence of rehabilitation
and training-induced brain plasticity, which has been reported to
continue through chronic phases of TBI is another possible con-
founding factor (Han et al., 2017). A systematic review has in-
dicated that community-based interventions improve the cognitive
outcome of adolescents following TBI (Clasby et al., 2018). In this
study, none of the TBI group had attended any post-acute rehabili-
tation programs, therefore, performance improvement post-injury,
if any, was restricted to the limited capacity of endogenous repair
mechanisms (Guan and Kong, 2015). A considerable number of
exclusion and inclusion criteria were adopted to secure sample uni-
formity and specificity that inevitably restricted subject group size.
The specificity issues of neuropsychological testing also constitute
an additional factor that limits the reliability and accuracy of the
conclusions made here. Nevertheless, this project was enhanced
by the use of extensive neuropsychological measures, imaging in-
dices, and also by between-group CC comparison that was based
on correlation differences, not individual values.

5. Conclusions
Results reported here indicate that changes in whole brainWM

diffusion properties inflicted by moderate-severe TBI are still evi-
dent several years post-injury in a group of survivors who have not
received systematic rehabilitation. Overall visual memory capac-
ity was reduced in the TBI group and this decline was correlated
to WM integrity loss at the CC body, while group performance
differences in visual memory were correlated with DTI metrics
at the body and anterior left part of CC. Overall verbal memory
was also reduced in TBI subjects, but no correlation between this
decline and CC diffusion properties was established. Neverthe-
less, group performance difference in one task relating to verbal
episodic memory was correlated with MD and RD at various CC
locations. Within the TBI group, significant correlations between
neuropsychological performance and CC diffusion metrics were

found for one visual working memory and two verbal episodic
memory tasks, although corresponding group differences were not
found to be significant.

Future work is warranted for similar investigation of the cin-
gulum, fornix, and cerebral cortex. Accounting for the fact that
current results are based on a cross-sectional study and that recent
work has revealed lifelong evolving consequences of TBI-induced
structural lesions and functional outcomes (Wilson et al., 2017), it
is imperative that this investigation is extended into a longitudinal
study.
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