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Abstract: Traumatic spinal cord injuries (SCIs) lead to axonal damage at the trauma site, as well as dis-
connections within the central nervous system. While the exact mechanisms of the long-term patho-
physiological consequences of SCIs are not fully understood, it is known that neuronal damage and
degeneration are not limited to the direct proximity of the trauma. Instead, the effects can be detected
even in the cerebrum. We examined SCI-induced chronic brain changes with a case-control design
using 32 patients and 70 control subjects. Whole-brain white matter (WM) tracts were assessed with
diffusion tensor imaging (DTI). In addition, we analysed associations between DTI metrics and several
clinical SCI variables. Whole-brain analyses were executed by tract-based spatial statistics (TBSS), with
an additional complementary atlas-based analysis (ABA). We observed widespread, statistically signifi-
cant (P� 0.01) changes similar to neural degeneration in SCI patients, both in the corticospinal tract
(CST) and beyond. In addition, associations between DTI metrics and time since injury were found
with TBSS and ABA, implying possible long-term post-injury neural regeneration. Using the ABA
approach, we observed a correlation between SCI severity and DTI metrics, indicating a decrease in
WM integrity along with patient sensory or motor scores. Our results suggest a widespread neurode-
generative effect of SCI within the cerebrum that is not limited to the motor pathways. Furthermore,
DTI-measured WM integrity of chronic SCI patients seemed to improve as time elapsed since injury.
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INTRODUCTION

In a traumatic spinal cord injury (SCI), an external force
causes immediate damage and death of the neural cells at
the injury site, resulting in a secondary neuropathological
process that further aggravates neuronal damage. Secondary
degeneration of white matter (WM) tracts has been shown to
spread in both anterograde and retrograde directions from
the injury site over several years after the injury [Beirowski
et al., 2005; Buss et al., 2004]. Degeneration includes a slow
and progressive demyelination, which eventually leads to
gliosis [Buss et al., 2004].

Secondary degeneration of the corticospinal tract (CST)
in humans after SCI has been shown histologically to
reach cerebral regions. Furthermore, histological evidence
supports atrophy of the CST neurons [Yamamoto et al.,
1989]. In line with these findings, atrophy-related changes
have been detected on volumetric MRI scans in the CST
and the sensorimotor cortex in SCI patients [Freund et al.,
2011; Wrigley et al., 2009].

After an injury to the central nervous system, complex
neuroplastic mechanisms are initiated, similar to those asso-
ciated with learning processes that occur during normal
development of the brain [Keyvani and Schallert, 2002;
Zatorre et al., 2013]. Neuroplasticity involves several under-
lying mechanisms, including changes in myelin structure,
axon diameter and packing density changes, axonal sprout-
ing, rerouting, and elimination [Zatorre et al., 2013]. These
processes can potentially alter the functional and structural
fabric of the brain’s neural network to compensate for at
least part of the possible damage to the brain [Nudo et al.,
2001; Zatorre et al., 2013]. Functional MRI has provided
evidence of cortical reorganization that compensates for
sensorimotor loss after SCI [Freund et al., 2011; Henderson
et al., 2011; Jurkiewicz et al., 2007]. The changes in activation
observed by functional MRI after SCI can be explained by
both functional and structural alterations in nervous tissue.
After experimental SCI structural alterations, the remodel-
ling of synaptic structures and axonal sprouting and the for-
mation of new connections have been demonstrated
together with reorganisation in both the cortex and subcorti-
cal regions [Florence et al., 1998; Kim et al., 2006; Ramu
et al., 2008].

Diffusion tensor imaging (DTI), which measures the dif-
fusion of water molecules in tissues, provides quantitative
information on tissue microstructures. In nervous tissue,
the orientation of fibre bundles, axonal diameter, density,
and myelination affect diffusion metrics [Beaulieu, 2002;
Sen and Basser, 2005]. Spinal DTI has been shown to have
potential for quantifying the extent of clinical disability
following SCI and radiological SCI severity [Chang et al.,
2010; Koskinen et al., 2013]. Additionally, DTI could detect
diffusion changes at a distance from the macroscopic
spinal lesions seen on conventional MRI, suggesting
secondary degeneration of WM tracts in the spinal cord
[Chang et al., 2010; Cohen-Adad et al., 2011; Koskinen
et al., 2013; Petersen et al., 2012]. Degeneration-associated

abnormalities in cerebral DTI values after SCI have also
been demonstrated in humans, although only in a few
studies that were mostly focused on the CST [Freund
et al., 2012; Gustin et al., 2010; Koskinen et al., 2014; Wei
et al., 2008; Wrigley et al., 2009]. Wrigley et al. [2009]
found volumetric and DTI metrics changes in multiple
cortical areas beyond the primary sensory and motor
cortices, indicating that subcortical WM changes after SCI
could also extend beyond the CST.

Fractional anisotropy (FA) and mean diffusivity (MD) are
currently the most commonly used DTI metrics [Guleria
et al., 2008; Hulkower et al., 2013; Wei et al., 2008], and both
reflect WM integrity in various pathological conditions
[Alexander et al., 2007]. FA is mostly lower and MD higher
in pathological regions compared to healthy tissue. Addi-
tionally, radial diffusivity (RD), and axial diffusivity (AD)
can be examined. RD is thought to be largely affected by the
integrity of the myelin sheath, while changes in AD reflect
the degree of axonal degeneration [Alexander et al., 2007;
Song et al., 2002]. With pathological tissue, RD is usually
higher in myelin degradation, while AD can be lower in
axonal disruption.

In this study, we applied tract-based spatial statistics
(TBSS) [Smith et al., 2006], which is a whole-brain group com-
parison analysis method, adapting a unique approach on
whole-brain analysis by its registration and “skeletonisation”
phases. Previously, only one study [Wei et al., 2008]
addressed cerebral WM changes after SCI with TBSS.
Contrary to the Wei group’s region of interest findings, they
found no structural between-group differences in their TBSS
analyses.

The purpose of this study was to investigate the effects of
SCI on the entire cerebral WM, detectable by DTI. We also
investigated the association between cerebral DTI values
and clinical SCI parameters, including injury severity, and
time since injury (TSI), and applied an atlas-based analysis
(ABA) method to supplement the TBSS results. We hypothe-
sized that (i) SCI-induced WM changes would be detectible
beyond the CST with TBSS and (ii) that the motor and
sensory functions of chronic SCI patients would be related
to brain WM integrity.

MATERIALS AND METHODS

Subjects

All consecutive patients with a chronic traumatic cervical
spine injury (n 5 88) who were admitted to either the ward or
an outpatient clinic at Tampere University Hospital between
1989 and 2010 (the annual incidence rate of SCI in Finland
mirrored the area of responsibility of Tampere University
Hospital, leading to �8.3 new tetraplegia patients per year
[Ahoniemi et al., 2008], of which not all are sent to Tampere
University Hospital) were contacted in 2011 to participate in
the study. The inclusion criteria were as follows: (i) over 18
years of age, (ii) resident of the hospital district, (iii) clinically
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significant neurological findings due to a traumatic cervical
SCI after 24 h of monitoring in the hospital, and (iv) TSI was
greater than 1 year. The exclusion criteria were as follows: (i)
known neurological illness other than SCI (including trau-
matic brain injury), (ii) respiratory arrest, (iii) contraindication
for MRI, and (iv) refusal to participate in the study. In addi-
tion to the exclusion criteria, two subjects were dismissed due
to severe microangiopathy on brain MRI. The final SCI popu-
lation sample consisted of 32 patients.

The control subject sample comprised two separate
groups of DTI study controls, both imaged at Tampere
University Hospital using the same scanner and imaging
protocol. We enrolled a total of 70 control subjects, of
which 40 were orthopedically injured patients evaluated in
the ED of Tampere University Hospital. This group of con-
trol subjects was categorised in an age- and gender-
stratified manner, with five men and five women in the
following age groups: (i) 18–30 years, (ii) 31–40 years, (iii)
41–50 years, and (iv) 51–60 years. The remaining 30 control
subjects were healthy voluntary hospital staff members.
Conventional MRI findings of the control subjects were
interpreted as normal by a neuroradiologist (A.B.). All
subjects included in this study provided written informed
consent according to the Declaration of Helsinki.

Clinical Data

All patients with SCI were examined at an outpatient
clinic at Tampere University Hospital. The collection of
clinical data was performed by a neurologist (E.K.). The
aetiology of the SCI was classified using the International
SCI Core Data Set [DeVivo et al., 2006]. The International
Standards for Neurological Classification of Spinal Cord
Injury (ISNCSCI) were used to evaluate and classify the

neurological consequence of SCI [Waring et al., 2010]. Ten
of the SCI patients had complete injury [American Spinal
Injury Association Impairment Scale (AIS), grade A]. See
Table I for demographic information on the control and
patient groups.

Imaging

A head MRI was done with a 3 Tesla MRI scanner (Sie-
mens Trio, Siemens AG Medical Solutions, Erlangen, Ger-
many). A 12-channel head coil and a 4-channel neck coil
were used simultaneously for the SCI patients, but only
the head MRI data were used in this study. The MRI pro-
tocol included sagittal T1-weighted 3D inversion recovery
prepared gradient echo, axial T2 turbo spin echo, conven-
tional axial and high-resolution sagittal FLAIR, axial T2*,
axial susceptibility-weighted imaging, and diffusion-
weighted imaging series.

The brain DTI data were collected by a single-shot, spin
echo-based and diffusion-weighted echo planar imaging
sequence. The parameters for the DTI sequence were TR
5144 ms, TE 92 ms, field of view 230 mm, matrix 128 3

128, 3 averages, slice/gap 3.0/0.9 mm, voxel dimensions
of 1.8 3 1.8 3 3.0 mm, and b-factors 0 and 1000 s/mm2

with 20 diffusion gradient orientations. Diffusion tensors
were calculated from the gradient data and further
derived into DTI scalars used in the analyses (FA, MD,
RD, and AD).

Statistical Analysis

Whole-brain voxel-wise statistical analysis for the DTI
data was carried out using TBSS [Smith et al., 2006], a part
of FSL, version 5.0.6 (http://fsl.fmrib.ox.ac.uk/fsl/fslwiki/

TABLE I. Subject demographics

Group comparisons
Controls
(n 5 70)

Patients
(n 5 32)

AIS A
(n 5 10) P (con v. pat) P (con v. AIS A)

Age (yrs, mean 6 SD) 39.5 6 11.8 56.5 6 14.2 51.3 6 15.7 <0.001 0.008
Gender (male/female) 29/41 25/7 7/3 <0.001 0.089
TSI (yrs, mean 6 SD) 13.8 6 12.3 23.5 6 13.1
ASIA impairment scale

AIS A 10 10
AIS B 1
AIS C 4
AIS D 16
AIS E 1
Injury etiology

Fall 13 3
Transport 11 5
Sports 6 2
Assault 1
Other 1

The gender distribution between the controls and the patients was tested with a chi-squared test and the age distribution with a Mann-
Whitney U test.
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) [Smith et al., 2004]. After pre-processing the data, a mean
FA image was derived and thinned to create a mean FA
skeleton. The threshold for FA values for the creation of
the skeleton was chosen as �0.25. Each subject’s aligned
data were then projected onto this skeleton for each DTI
parameter, and the resulting skeletonised data were fed
into voxel-wise cross-subject statistics.

Statistical group comparison analysis was performed
using FSL with TFCE [Smith and Nichols, 2009]. Nonpara-
metric two-sample permutation test using general linear
model (GLM) design was used for statistics [Winkler et al.,
2014]. Inference was obtained through 50,000 permuta-
tions, testing the resulting clusters for significance at
P� 0.01 (one-sided), corrected for multiple comparisons
across space. The type I error caused by multiple analyses
on the same dataset was potentially minimized by adopt-
ing a more conservative significance level (P� 0.01). Statis-
tical regression was performed in a similar manner, using
a GLM to check the DTI data for partial regression with
clinical parameters. Effects of age and gender were con-
trolled by adding them as covariates to the design matri-
ces in all analyses.

Two group analyses were performed: (i) a comparison
between the whole SCI group (n 5 32) and the healthy con-
trol subjects (n 5 70) and (ii) a comparison between
patients with complete SCI (AIS grade A, n 5 10) and
healthy control subjects (n 5 70). The clinical variables
used in the partial correlation analyses were (i) the
ISNCSCI-derived total motor score (TMS), (ii) motor sub-
score for upper extremities (UEMS), (iii) motor subscore
for lower extremities, (iv) total sensory score (TSS), and (v)
the TSI 5 time between injury and MRI. Due to the find-
ings in stepwise linear regression analyses performed on
the significant clusters in the group comparison, we
decided to control TSI analysis with UEMS and motor and
sensory subscores with TSI, respectively.

To further specify our findings, we utilised the JHU-
ICBM-DTI-81 WM labels atlas in an ABA approach, which,
in theory, should complement the TBSS results [Faria
et al., 2010]. Additionally, it can help to further localize
the findings. Regional DTI metric values were derived for
each atlas tract by taking the arithmetic mean of the skele-
ton voxels inside the corresponding atlas volume. The
mean values were then fed to JASP (JASP Team, 2016, Ver-
sion 0.8) for statistical analysis. The group comparison was
carried out using analysis of covariance (ANCOVA), con-
trolling for age and gender, and correlation analyses by
linear regression. To distinguish between the anatomical
regions in general and the volume defined by the JHU
atlas, the abbreviated atlas volumes will be referred to
with a subscript JHU (e.g., CSTJHU).

RESULTS

Both group comparisons [i.e., patient group (n 5 32) vs.
control subjects (n 5 70) and full injury patients (n 5 10) vs.

control subjects (n 5 70)] resulted in statistically significant
differences at a significance level of P� 0.01. The ABA
group comparison results were mostly in concordance
with the TBSS results. Most linear regression analyses did
not reach statistical significance in TBSS; TSI was the only
variable that produced a statistically significant correlation
with DTI metrics. The ABA, however, revealed individual
correlations that did not reach significance in the TBSS
analysis. The complete list of results from the ABA are
displayed in Table II. Detailed information on the ABA
results are provided as Supporting Information.

Group Comparison

The TBSS group comparison between all SCI patients
(n 5 32) and control subjects (n 5 70) yielded statistically
significant (P� 0.01) differences in FA, MD, RD, and AD
values. The FA values were found to be lower and the
MD, RD, and AD values higher in the patients when com-
pared with the control subjects.

Instead of being mainly focused on the CST as expected,
the changes related to SCI were more widespread. The
coverage of statistically significant voxels in FA was 30.3%
of the skeleton’s total volume, 32.9% in MD, 38.7% in RD,
and 13.0% in AD, respectively. The areas with significantly
decreased FA and increased MD can be seen in Figure 1,
and the actual differences in DTI values are displayed as
bar graphs in Figure 2. The significant areas with
increased RD and AD are presented as Supporting Infor-
mation. Due to the widespread nature of the findings, we
also created images with the P-value threshold set to 0.002
to emphasize the areas with the most change in DTI val-
ues. The areas of FA, MD, and RD with P� 0.002 can be
seen in the Supporting Information.

The significant findings were extensive, with clusters
spread nearly throughout the whole cerebrum. Areas of
WM affected by SCI in the group analysis included projec-
tion, commissural, and association fibres. From the projec-
tion fibres, the majority of the CST and the thalamocortical
projections were affected. Between-group differences in
the area of the CST extended from the cerebral peduncle
(CP), through the posterior limb of internal capsule
(PLIC), up to the subcortical WM underneath the primary
motor and sensory cortices. The genu and the anterior part
of the body of the corpus callosum (CC) were the most
affected of the commissural fibres. The association fibres
were widely affected, with most prominent findings in the
inferior and superior longitudinal fasciculi, inferior fronto-
occipital fasciculus, and uncinate fasciculus. The anterior
cingulum was also affected. The findings in MD are nota-
bly similar to FA, although with slightly wider coverage.

As an addition to the TBSS analyses, we utilised the
JHU-ICBM-DTI-81 WM atlas to extract parts of the skele-
ton and ran statistical tests on the areas’ mean values. We
compared the patient group with the control subjects via
ANCOVA. Statistically significant (P� 0.01) lower FA

r Ilvesm€aki et al. r

r 3640 r



T
A

B
L

E
II

.
A

tl
a
s

2
b

a
se

d
a
n

a
ly

si
s

re
su

lt
s

(P
�

0
.0

1
)

S
C

I
v

co
n

tr
o

ls
*

A
IS

A
v

co
n

tr
o

ls
*

T
S

I
co

rr
el

at
io

n
**

U
E

M
S

**
T

M
S

**
T

S
S

**

W
M

tr
ac

t
(I

C
B

M
D

T
I2

81
)

F
A

M
D

R
D

A
D

F
A

M
D

R
D

A
D

F
A

M
D

R
D

A
D

F
A

M
D

R
D

F
A

F
A

M
D

A
n

te
ri

o
r

co
ro

n
a

ra
d

ia
ta

L
#

"
"

1
2

A
n

te
ri

o
r

co
ro

n
a

ra
d

ia
ta

R
#

"
"

A
L

IC
L

#
"

"
"

#
"

"
2

A
L

IC
R

#
"

"
#

"
"

B
o

d
y

o
f

C
C

"
"

C
in

g
u

lu
m

(c
in

g
u

la
te

g
y

ru
s)

L
"

"
2

2

C
in

g
u

lu
m

(c
in

g
u

la
te

g
y

ru
s)

R
"

"
"

1

C
S

T
R

#
E

x
te

rn
al

ca
p

su
le

R
"

"
F

o
rn

ix
(c

o
lu

m
n

an
d

b
o

d
y

o
f

fo
rn

ix
)

"
2

2
2

F
o

rn
ix

(c
re

s)
/

S
tr

ia
te

rm
in

al
is

L
#

"
1

2

G
en

u
o

f
C

C
#

"
"

#
"

"
In

fe
ri

o
r

ce
re

b
el

la
r

p
ed

u
n

cl
e

L
#

"
#

#
"

#
In

fe
ri

o
r

ce
re

b
el

la
r

p
ed

u
n

cl
e

R
#

"
#

#
#

M
ed

ia
l

le
m

n
is

cu
s

L
#

M
ed

ia
l

le
m

n
is

cu
s

R
#

M
id

d
le

ce
re

b
el

la
r

p
ed

u
n

cl
e

1

P
o

st
er

io
r

co
ro

n
a

ra
d

ia
ta

L
2

2
2

P
o

st
er

io
r

co
ro

n
a

ra
d

ia
ta

R
#

"
"

#
"

2
2

P
o

st
er

io
r

li
m

b
o

f
in

te
rn

al
ca

p
su

le
L

"
"

"
P

o
st

er
io

r
th

al
am

ic
ra

d
ia

ti
o

n
L

a
#

"
"

#
"

"
2

R
et

ro
le

n
ti

cu
la

r
p

ar
t

o
f

in
te

rn
al

ca
p

su
le

L
#

2
2

R
et

ro
le

n
ti

cu
la

r
p

ar
t

o
f

in
te

rn
al

ca
p

su
le

R
1

1

S
ag

it
ta

l
st

ra
tu

m
L

b
#

"
"

#
"

1
2

2

S
ag

it
ta

l
st

ra
tu

m
R

b
2

S
p

le
n

iu
m

o
f

C
C

1
2

2

S
u

p
er

io
r

ce
re

b
el

la
r

p
ed

u
n

cl
e

L
1

S
u

p
er

io
r

ce
re

b
el

la
r

p
ed

u
n

cl
e

R
1

1
1

S
u

p
er

io
r

co
ro

n
a

ra
d

ia
ta

L
"

"
2

2
2

S
u

p
er

io
r

co
ro

n
a

ra
d

ia
ta

R
2

S
u

p
er

io
r

fr
o

n
to

2
o

cc
ip

it
al

fa
sc

ic
u

lu
s

L
#

"
"

S
u

p
er

io
r

fr
o

n
to

2
o

cc
ip

it
al

fa
sc

ic
u

lu
s

R
#

"
"

S
u

p
er

io
r

lo
n

g
it

u
d

in
al

fa
sc

ic
u

lu
s

L
"

2
2

2
2

T
ap

et
u

m
L

1
2

T
ap

et
u

m
R

"
"

U
n

ci
n

at
e

fa
sc

ic
u

lu
s

L
#

"

*U
p

ar
ro

w
s

("
)

in
d

ic
at

e
h

ig
h

er
v

al
u

es
,

an
d

d
o

w
n

ar
ro

w
s

(#
)

in
d

ic
at

e
lo

w
er

v
al

u
es

in
th

e
p

at
ie

n
t

g
ro

u
p

co
m

p
ar

ed
w

it
h

th
e

co
n

tr
o

l
su

b
je

ct
s.

**
P

lu
s

si
g

n
s

(1
)

in
d

ic
at

e
p

o
si

ti
v

e
co

rr
el

at
io

n
,

an
d

m
in

u
s

si
g

n
s

(2
)

in
d

ic
at

e
n

eg
at

iv
e

co
rr

el
at

io
n

.
a
In

cl
u

d
es

o
p

ti
c

ra
d

ia
ti

o
n

.
b
In

cl
u

d
es

in
fe

ri
o

r
lo

n
g

it
u

d
in

al
fa

sc
ic

u
lu

s
an

d
in

fe
ri

o
r

fr
o

n
to

2
o

cc
ip

it
al

fa
sc

ic
u

lu
s.

r Effects of SCI on Cerebral WM r

r 3641 r



values were found in several locations, along with higher
MD and RD values. Several atlas locations included changes
in more than one DTI metric: changes in both FA and MD
were found in the anterior corona radiata (CRJHU), the ante-
rior limb of internal capsule (ALICJHU), the genu of the
CCJHU, the right posterior CRJHU, the left posterior thalamic
radiation, the left sagittal stratum, and in the superior
fronto-occipital fasciculus. According to our analysis, AD
correlated positively in the left ALICJHU, the body of the
CCJHU, and in the fornix, whereas negative correlation was
found in the right CSTJHU and in the inferior CPJHU. The
complete list of locations is shown in Table II.

Complete SCI

Patients with AIS grade A (n 5 10) were compared with
the healthy control subjects (n 5 70) with TBSS. Age and
gender were used as covariates in the GLM setup. The
analysis resulted in statistically significant (P� 0.01) differ-
ences in FA, MD, and RD: patients had lower FA and
higher MD and RD values compared with the control sub-
jects. AD did not reach statistical significance at the 0.01
level. The results were reminiscent of the group compari-
son (whole SCI group and control subjects), but consider-
ably more spatially restricted. Significant clusters covered
9.2% of the skeleton volume in FA and only 2.8% in MD,
while the coverage was 10.4% in RD.

Differences in FA were somewhat asymmetric, occurring
predominantly on the left side of the cerebrum. Statisti-
cally significant areas of FA and MD can be seen in Figure
3, with the absolute DTI values of the significant clusters
displayed in Figure 4. The affected areas in FA were
mostly in the projection fibres, including the PLIC, the
anterior limb of the internal capsule, the posterior thalamic
radiation, and the subcortical CST. While higher MD
values were found mostly in the genu of the CC, a small,
significant cluster was located near the subcortical CST.
The significant clusters of RD can be seen in the Support-
ing Information.

Comparing the complete (AIS A) SCI patient group
(n 5 10) with the control subjects (n 5 70) in an ABA, we
found significantly lower FA and AD values and higher
MD and RD values. Again, there were some locations with
findings in multiple DTI metrics: FA was found lower and
MD higher in the ALICJHU, the genu of CCJHU, and in the
left posterior thalamic radiation. See Table II for listing of
the ABA results.

Partial Correlations with Injury Parameters

None of the sensory or motor score variables correlated
significantly (P� 0.01) with the DTI metrics in our TBSS
analyses. Of all the tested clinical parameters, only the TSI
produced a statistically significant partial correlation with

Figure 1.

Statistically significant clusters of lower FA acquired in the TBSS group comparison analysis

shown in the two upper rows (A), with the significant clusters of higher MD shown in the two

lower rows (B). Results are limited to P-values� 0.01. The results are overlaid on the MNI152

standard-space template, with corresponding MNI coordinates below the slices. Neurological

convention, left 5 left. [Color figure can be viewed at wileyonlinelibrary.com]
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the DTI metrics in the patient group. The TSI correlation
analysis was conducted using age, gender, and UEMS as
covariates.

The TSI correlated positively with FA and negatively
with MD, RD, and AD at the 0.01 P-value level. Statisti-
cally significant clusters in positive correlation between FA
and the TSI covered 5.0% of the skeleton volume, while
coverages were 26.3% for MD, 31.5% for RD, and 2.4% for
AD. Partial correlation maps for FA and MD can be seen
in Figure 5. Correlation maps for RD and AD are provided
as Supporting Information. Partial correlation coefficients
for the significant clusters of FA, MD, RD, and AD were
0.378, 20.331, 20.328, and 20.366, respectively.

A positive correlation between the TSI and FA was spa-
tially concentrated to the commissural fibres: virtually the
whole volume of the CC was affected. No correlations
were found in the caudal parts of the projection fibres. For
MD, the areas with correlation were similar to the FA find-
ings, but with additional correlation findings widely in the
association fibres and subcortically in the projection fibres.

In addition to TSI, we found a correlation between DTI
metrics and the UEMS motor subscore, TMS, and TSS in
ABA. TSI correlated positively with FA and negatively
with MD, RD, and AD in our analysis. UEMS correlated
positively with FA and negatively with MD and RD. TSS

correlated positively with FA and negatively with MD,
and TMS correlated positively with FA. See Table II for a
complete list of the ABA results.

DISCUSSION

Group Comparison

The direction of the differences found in FA and MD
were in agreement with previous studies, but the spatial
extent of the findings was significantly larger than has
been previously reported [Guleria et al., 2008; Koskinen
et al., 2014; Wrigley et al., 2009]. The results suggest
degenerative-type changes in the majority of the cerebral
WM, with the bulk of lower FA and higher MD extending
beyond the CST. These changes could signify large-scale
post-SCI secondary anterograde (Wallerian) and retrograde
cerebral degeneration [Beirowski et al., 2005; Buss et al.,
2004; Guleria et al., 2008].

Previous studies focusing on separate pathological con-
ditions have hypothesized that areas of WM containing
increased RD and AD values in addition to lower FA are
associated with axonal degeneration [Della Nave et al.,
2011; Metwalli et al., 2010; Roosendaal et al., 2009; Song
et al., 2002]. In light of these previous studies, the rise in
RD and AD found in our TBSS results may be associated
with post-SCI axonal degeneration. However, the increase
of AD beyond the spinal cord and brain stem, which
include mainly coherent WM tracts, could also be a conse-
quence of crossing WM fibres, causing fictitious change in
directional diffusivities [Wheeler-Kingshott and Cer-
cignani, 2009].

The CSTJHU and the inferior CPJHU had significantly
lower AD in contrast to the otherwise found higher AD in
our ABA. This is, however, convergent with previous DTI
studies of chronic SCI which have reported a reduction of
AD associated with axonal degeneration in areas like CP
and CST [Freund et al., 2012; Wrigley et al., 2009], as well
as in the spinal cord remote from the site of injury
[Cohen-Adad et al., 2011]. The inconsistency in AD results
may be linked to post-SCI neuroplasticity [Nudo et al.,
2001; Schallert et al., 2000] and secondary degeneration
[Beirowski et al., 2005; Buss et al., 2004; Guleria et al.,
2008] associated with different regions of the cerebrum.
Unfortunately, this type of speculation based only on AD
cannot fully be confirmed with our current results and
requires further research.

AIS Grade A

The absolute differences between the groups in the AIS
A analysis were slightly larger for FA and MD compared
with the full-group comparison, but the lower sample size
may distort the results. However, low power, along with
the strict P-value limit, may imply an even larger effect
size of the findings compared with the group comparison.

Figure 2.

The differences in absolute DTI values taken from the statisti-

cally significant clusters in the group comparison for each DTI

metric (P� 0.01; FA, MD, RD, and AD). The bar graph values

represent mean values of the significant voxels, with error bars

showing the 6 SD for the volume’s mean. [Color figure can be

viewed at wileyonlinelibrary.com]
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Future studies with a larger sample of AIS grade A
patients could provide interesting results.

The ABA results of AIS A seem logical due to findings in
areas of the brain often associated with secondary

degeneration [Beirowski et al., 2005; Buss et al., 2004]. Unfortu-
nately, no definite conclusions can be made with the current
sample size.

Correlations

Contrary to previous studies with chronic SCI patients
[Freund et al., 2012; Koskinen et al., 2014; Wrigley et al.,
2009], we found a correlation between DTI scalars and TSI
with both TBSS and ABA. However, owing to the limited
sample of patients, the regression analyses could only reli-
ably detect large effect sizes. While TSI correlations with
DTI metrics have not been previously detected in the cere-
brum [Freund et al., 2012; Koskinen et al., 2014; Wrigley
et al., 2009], these studies have concentrated on the CST
instead of the whole brain volume. It is worth noting that
Guleria et al. [2008] observed increased FA and decreased
MD values in the rostral part of the CST in SCI patients
compared with control subjects, and this trend seemed to
increase with TSI during the first 12 months after injury.
According to experimental studies [Ramu et al., 2008],
these types of changes have been suggested to reflect post-
SCI subcortical regeneration.

Previous studies have suggested a connection between
DTI scalars and neuroplasticity (axonal regeneration, glial
processes, or synaptogenesis), detectible as an increase in
FA and/or decrease in MD and RD [Keller and Just, 2016;
Sagi et al., 2012; Steele et al., 2013]. Due to the restrictions
in our study setting, it is difficult to draw a solid causal
conclusion on the findings. Hypothetically, positive corre-
lation with FA and negative with MD over time suggest
axonal regeneration or other plastic mechanisms. How-
ever, it is uncertain whether post-SCI neuroplasticity could
affect the brain over a decade post-injury, and whether the
observed correlation is actually associated with the post-
injury neurophysiology.

Figure 3.

Areas with statistically significant (P� 0.01) differences between patients with full injury and control sub-

jects. Areas with lower FA values are shown above (A), and areas with higher MD are below (B). The

results are overlaid on the MNI152 standard-space template, with corresponding MNI coordinates below

the slices. Neurological convention, left5 left. [Color figure can be viewed at wileyonlinelibrary.com]

Figure 4.

The differences in absolute DTI values for the full injury group,

taken from the statistically significant clusters for each significant

DTI metric (P� 0.01; FA, MD, and RD). The values represent

mean values of the significant voxels, with error bars showing

the 6 SD for the volume mean. Note the apparent increase in

difference compared to the whole-group comparison. [Color fig-

ure can be viewed at wileyonlinelibrary.com]
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The directions of the correlations between UEMS, TMS,
and TSS and DTI scalars in the ABA are in agreement
with our previous study [Koskinen et al., 2014], where FA
was found to correlate positively and MD negatively with
UEMS, TMS, and TSS, suggesting that the clinical state of
the patient tends to be better with higher FA and lower
MD values. These findings imply that the severity and
extent of SCI have an effect on the cerebral WM micro-
structure, detectable with DTI in the chronic phase.

Study Design and Limitations

In our study, we decided to combine two separate con-
trol groups to form a single larger pool of controls in
favour of statistical power. After some consideration, we
deemed the groups sufficiently homogeneous, and compa-
rable from a pathological point of view, for them to be
combined. Had we opted to create a pool of age- and
gender-matched controls, the raw statistical power of our
group analysis would have been lower than in our current
setup. Regarding the effect of ageing on DTI scalars, previ-
ous studies have suggested that the slight quadratic trend
of the relationship between age and DTI metrics can be
modelled as linear with sufficient precision [Kodiweera
et al., 2016; Westlye et al., 2010]. It should thus be possible
to reliably control for the effect of age in a GLM. In addi-
tion, controlling for gender in the analyses is straightfor-
ward, as it is a binary categorical variable. Nevertheless,
our study would have benefited from a large pool of age-
and gender-matched subjects.

While our patient data were screened carefully to
exclude any previous neurological diseases, including
traumatic brain injury, the possibility of a concomitant
mild brain injury with SCI cannot fully be ruled out [Wei
et al., 2008]. However, it has been generally postulated
that the traumatic brain injury mechanism affects the larg-
est axon bundles, of which the CC is a perfect example

[Hulkower et al., 2013], while our results were concen-
trated in areas less severely affected by brain trauma.
Additionally, the different types of medication and reha-
bilitation methods possibly adapted to various patients in
our sample could influence the magnitude of neuroplastic-
ity [Schallert et al., 2000] and cause slight bias when not
controlled for. In general, numerous physical and mental
factors can affect DTI results, and while these cannot all
be controlled for, several known confounding factors were
used as exclusion criteria for our subject pool.

In terms of clinical relevance and rehabilitation, the
acute phase is the most crucial stage of SCI, and while
studies on neuroplasticity mostly focus on the acute to
sub-acute phase, our study focused on the chronic phase
of SCI. Another concern is the large deviation of the mean
TSI of our patient population, which could distort our
results.

The fundamental microstructural mechanisms of neuro-
degeneration and plasticity are diverse, and the changes
perceived by a single imaging modality are the combined
effects of these mechanisms [Zatorre et al., 2013]. DTI
alone is not sufficient to fully classify the mechanisms
affecting WM post-SCI, and multimodal imaging would be
preferred. In addition, glial processes are likely to be pre-
sent in post-SCI cerebral WM [Keyvani and Schallert,
2002], and the presence of gliosis may cause increased FA
values [Budde et al., 2011]. A known limitation of DTI is
the crossing fibre problem, which may lead to anomalous
DTI scalars in voxels containing neural tracts of different
orientations [Wheeler-Kingshott and Cercignani, 2009].
While crossing fibres may be considered as a fixed attri-
bute of DTI, a possible solution could be acquiring the
data with a high angular resolution diffusion imaging
(HARDI) suited imaging sequence [Berman et al., 2013;
Frank, 2001; Tuch, 2004; Tuch et al., 2002]. However, no
direct replacement for DTI scalars, mainly FA, as the
measure for axonal integrity currently exist for HARDI
and finding such a measure may prove time-consuming.

Figure 5.

Partial correlations maps (P� 0.01) for TSI obtained from TBSS analysis. FA correlated positively

with TSI (above, A), and MD correlated negatively (below, B). The results are overlaid on the

MNI152 standard-space template, with corresponding MNI coordinates below the slices. Neurological

convention, left 5 left. [Color figure can be viewed at wileyonlinelibrary.com]
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Future Prospects

Based on the results of our group comparison, future
studies of the effects of SCI on the human brain WM
should be extended outside the CST. Examining brain WM
outside the sensorimotor tracts may also give a more thor-
ough outlook on the link between neural structure and
clinical function in chronic SCI. Nevertheless, additional
evidence, especially longitudinal studies, is needed in the
future to evaluate the presumptive change in DTI metrics
with time after an acute injury and the association of that
change with clinical recovery. This knowledge could facili-
tate the prognostication of recovery and our ability to
understand and monitor the changes induced by treatment
and rehabilitative interventions beyond clinical disability
scales and conventional MRI. However, it should be noted
that group-level research results are not directly applicable
to individual clinical cases.

CONCLUSION

Patients with chronic SCI were found to show changes
detectable with DTI in their cerebral WM, extending
widely beyond the motor cortex and sensorimotor tracts,
and those changes were associated with TSI and clinical
parameters indicating the severity of injury. Primarily, the
changes manifested as reduction of FA and increase of
MD. Furthermore, DTI-measured WM integrity of chronic
SCI patients altered as time elapsed since injury.

In the future, additional evidence, especially longitudi-
nal studies from the acute stage of SCI, is required to eval-
uate the presumptive change in DTI values with time after
injury and the association of that change with clinical
recovery. Optimistically, DTI metrics could serve as
adjunct biomarkers in the evaluation of an individual
patient’s susceptibility to different types of rehabilitative
interventions.
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