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Diffusion tensor imaging study in Duchenne muscular dystrophy
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Background: Duchenne muscular dystrophy (DMD) is a progressive muscle disorder associated with an
intellectual deficit which is non-progressive. The aim of this study was to investigate brain microstructural changes
in DMD and to explore the relationship between such changes and cognitive impairment.

Methods: All participants (12 DMD patients, 14 age-matched healthy boys), intelligence quotients (IQs) [both full
(FIQ) and verbal (VIQ)] were evaluated using the Wechsler intelligence scale for children China revised (WISC-
CR) edition, and brain gray matter (GM) and white matter (WM) changes were mapped using diffusion tensor
imaging (DTT) with fractional anisotropy (FA). The differences between groups were analyzed using the #-test and the
association of cognition with neuroimaging parameters was evaluated using Pearson’s correlation coefficient.
Results: Compared to the normal controls, the DMD group had lower FIQ (82.0£15.39 vs. 120.21+16.06)
and significantly lower splenium of corpus callosum (CC) FA values (P<0.05). Splenium of CC FA was positively
correlated with VIQ (r=0.588, P=0.044).

Conclusions: There were microstructural changes of splenium of CC in DMD patients, which was associated

with cognitive impairment.
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Introduction involvement of the central nervous system in DMD. Indeed,

) . Duchenne himself, when characterizing the disorder,
Duchenne muscular dystrophy (DMD) is an X-linked Iy . .

commented on the cognitive deficits apparent in some
children with DMD (4). Considerable data now indicate
that the mean intelligence quotients (IQ) is significantly

lower in children with DMD than in the normal population,

recessive genetic disorder that affects approximately one
in 3,500 male births (1). Mutations within the largest
gene in the human genome, the dystrophin gene, block
the expression of the functional form of its major protein and a meta-analysis revealed that it is on average one

product, dystrophin (2). Dystrophin is essential in standard deviation below the mean (5). The average IQ of

maintaining the structural integrity of muscle membranes
during contraction; its absence results in muscle fibre
damage, chronic inflammation, and fibrosis (3) leading to
progressive muscle weakness and death, generally in the
third decade, due to cardiac and pulmonary complications.
Many case reports have suggested the significant
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a boy with DMD is 85, and consequently 30% of boys with
DMD have an IQ of <70.

The core cognitive deficit in DMD is “limited verbal
span” (6). Some researchers have noted that children with
DMD have greater difficulty on tests requiring attention
to and repetition of verbal material (6-10). This finding
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remains consistent regardless of whether children with
DMD are compared to normal controls, their siblings,
or children with other degenerative muscle diseases. The
verbal deficits appear across all intellectual levels (7) while
other areas of cognition are generally spared (8). The
pathogenesis of cognitive impairment remains unexplained.

Diffusion tensor imaging (DTI), a variant of MRI
which measures water diffusion in living brain tissues (11),
is uniquely sensitive to changes in white matter (WM)
microstructure, including axonal coherence, fibre density,
and myelin integrity. One common DTI-derived index
of WM microstructure is fractional anisotropy (FA), an
indirect scalar measure of the coordinated directionality
and coherence of fibres within WM bundles (11,12). Lower
FA can also indicate a reduction in the density of WM
fibres, a loss in axonal bundle coherence (loss of structural
organization), or a variation in membrane permeability
to water (13). DTT has been applied to the study of a
tremendous variety of complex conditions (14-16) including
schizophrenia (17), traumatic brain injury (18), multiple
sclerosis (19,20), autism (21), and aging (22). Using DTI, this
study sought to investigate brain microstructural changes in
patients with DMD and to explore the relationship between
such changes and cognitive dysfunction.

Materials and methods
Participants

This study recruited 12 patients [age 9.14+2.52 years (range,
6-13)] with a diagnosis of DMD (confirmed by genetic
testing or muscle biopsy) from the DMD Multidisciplinary
Outpatient Clinic of CAPF General Hospital, and 14 healthy
volunteers [age 9.39+2.99 years (range, 6-14)]. Those who
had a medical or surgical history of potential impact on
neurocognitive functioning (e.g., head injury), were not
contactable, or whose parents refused to consent were
excluded. Both groups (DMD and control) had similar mean
age, handedness (all right-handed), and level of education.
After the study protocol was approved by the Armed Police
General Hospital review board, written informed consent was
obtained from all the parents according to the Declaration of

Helsinki.

Cognitive measures

All subjects underwent a Wechsler intelligence scale for

children China revised (WISC-CR) test performed by a
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trained neuropsychologist.

Image acquisition

Conventional MRI examination was performed in all
subjects on a 3.0 T" MR scanner (Magnetom TRIO TIM,
Siemens Medical Systems, Erlangen, Germany) with a
SENSE 8-channel head coil, and the imaging sequences
included an axial T'1-weighted fast low-angle shot sequence
[repetition time (TR)/echo time (TE) =200/2.46 ms, slice
thickness =5 mm, intersection gap =1.5 mm, slice number
=19, field of view (FOV) =220 mm x 220 mm], sagittal
and axial T2-weighted turbo spin echo sequences (TR/
TE =4,000/113 ms, slice thickness =5 mm, intersection gap
=1.5 mm, slice number =19, FOV =220 mm x 220 mm),
and an axial fluid-attenuated inversion recovery sequence
(TR/TE =8,000/87 ms, inversion time =2,000 ms, slice
thickness =5 mm, intersection gap =1.5 mm, slice number
=19, FOV =320 mm x 224 mm). Diffusion tensor images
were acquired using a spin-echo diffusion-weighted echo-
planar imaging sequence parallel to the anterior-posterior
commissure line (TR/TE =4,400/93 ms, slice thickness
=4 mm, number of slices =32, FOV =220 mm x 220 mm,
matrix =128x128). MRI images were obtained from 20 non-
collinear directions with a b value of 1,000 s/mm’, scan time
=6.24 min.

ROI placement

Two neuroradiologists separately outlined regions of
interest (ROIs) on two Siemens Syngo parallel processing
workstations (Siemens Medical Solutions, Erlangen,
Germany) using the commercially available software
Neuro3D. To ensure the reliability of ROI-based DT1
parameters, ROI placement was carried out by both
observers on two separate occasions. The information about
the first ROI placement was not available during the second
assessment, and the investigator was blinded to the other
observer’s evaluation. We selected 16 different ROIs in
locations with different FA. The locations were commonly
used in DTT studies and easily visualized and delineated on
DTT color maps. Predetermined circular single ROIs were
manually placed on color maps at the following anatomic
locations: parietal lobe WM, frontal lobe WM, genu
of corpus callosum (CC), splenium of CC, caput nuclei
caudati, anterior cingulate (AC), posterior cingulate (PC),
lenticular nucleus, anterior limb of the internal capsule
(ICAL), posterior limb of the internal capsule (ICPL),
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Figure 1 Region of interest placement for D'TT analysis. The circle indicates the location and size of the ROI. (A) Genu of corpus callosum,

splenium of corpus callosum, caput nuclei caudati, lenticular nucleus, anterior limb of ICAL, posterior limb of ICPL, and Th; (B) temporal
lobe WM and CgH; (C) SCP; (D) MCP. DTT, diffusion tensor imaging; ROI, outlined regions of interest; ICAL, internal capsule; ICPL,
internal capsule; Th, thalamus; WM, white matter; CgH, cingulum in the hippocampus; SCP, superior cerebellar peduncle; MCP, diddle

cerebellar peduncle.

thalamus (Th), occipital lobe WM, temporal lobe WM,
cingulum in the hippocampus (CgH), superior cerebellar
peduncle (SCP), and middle cerebellar peduncle (MCP).
As illustrated in Figure 1, with the exception of the CC, all
of the ROIs were positioned bilaterally and three voxels in
size.

Statistical analyses

The statistical analyses were performed using the SPSS
19 software package for Windows (Chicago, IL, USA).

Age was compared between groups using the independent
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samples 7-test. Differences in FA for a ROI between the
patient and control groups were also assessed using the
independent samples #-test. The relationship between
diffusion parameters and clinical outcome measures was
assessed using Pearson’s correlation coefficient. Differences
were considered significant for P<0.05.

Results

Age was similar between the two groups, and 1Q was
significantly lower in DMD patients than in healthy
individuals [82.00£15.39 (range, 66-111) vs. 120.21£16.06
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(range, 98-137)].

Compared with the 14 subjects in the normal control group,
no gross structural abnormalities had detected in conventional
MRI examination, but the DMD group had significantly
reduced splenium of CC FA values (Table 1). However, no
statistically significant between-group differences were
apparent in the parietal lobe WM, frontal lobe WM, genu
of CC, caput nuclei caudati, AC, PC, lenticular nucleus,
ICAL, ICPL, Th, occipital lobe WM, temporal lobe WM,
cingulum in the CgH, SCP, MCP.

In the DMD group, interestingly, there was a significant
correlation between FA of the splenium of CC and verbal
intelligence quotient (VIQ; t=0.588, P=0.044) but not
between FA of the splenium of CC and the full intelligence
quotient (FIQ) (Figure 2).

Discussion

Few studies have assessed the potential correlation between
microstructural damage and altered cognition in DMD.
Comparing the cognitive profile and brain DTT between two
groups (a DMD group and normal group), we demonstrated
the relationship of reduced IQ to microstructural
abnormalities in the splenium of CC in DMD patients.
Interestingly, VIQ impairment was correlated with splenium
of CC damage.

Previous studies have shown that DMD patients with
identifiable brain abnormalities may also show cognitive
impairment. In the study by Septien ez 4/. (23) of 15 DMD
patients, aged 4-16 years, CT scans showed slight cortical
atrophy with minimal dilation of the ventricles (interpreted
as atrophy of the WM) in 9 patients with an average 1Q
of 81, and normal CT scans in 6 patients with an average
IQ of 90. However, this difference was not statistically
significant. In contrast, al-Qudah ez 4/. (24) found no
correlation between MRI findings and verbal intelligence
scores for four patients, two of whom were found to have
mild atrophy (i.e., dilated lateral ventricles, CSF spaces,
and cerebral sulci). Similarly, a MRI study by Bresolin and
colleagues found no focal or generalized changes, but their
sample was very small (n=4) (25).

Brain autopsy studies have found a range of abnormalities
in the brains of DMD patients, including pathological
findings of neuronal loss, heterotopias, gliosis, neurofibrillary
tangles, Purkinje cell loss, dendritic abnormalities (length,
branching and intersections), disordered architecture,
astrocytosis, and perinuclear vacuolation (26-29). Yoshioka
et al. studied 30 DMD patients and found slight cortical
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atrophy in 67% of them, slight ventricular dilation (i.e.,
enlargement of inter-hemispheric cisterns and sulci of
3-5 mm) in 60%, and cortical atrophy in 30%, although
clear signs of atrophy were only observed in older and
more physically disabled patients (30). However the brain
autopsy results, and more recently the brain imaging results,
on DMD patients have not been consistent (31). These
alterations in brain structure impact brain function, and likely
underlie the cognitive deficits seen in children with DMD.
Correlation between structural abnormality and functional
1Q impairment has yet to be clearly established.

DTI, a variant of MRI which measures water diffusion
in living brain tissues (11), is uniquely sensitive to WM
microstructure. Using DTI, we found that the splenium
of CC is changed in DMD patients. The CC is the brain’s
largest WM structure and its more than 200 million fibres
play an integrative role by facilitating the coordinated and
rapid transfer of information involved in sensorimotor,
attention, language, and other cognitive processes between
contralateral, homologous cortical regions (32-34). The
splenium fibres connect occipital and parietal cortices, as
well as inferior and medial temporal regions, which have
been suggested to play a role in language processing (35,36).
Accordingly, our study showed a significantly positive
correlation between VIQ values and FA in splenium of CC
in DMD patients. Axonal loss, inflammation, oedema, gliosis
and Wallerian degeneration may all potentially contribute
to these FA changes, but direct pathological correlation with
DTI changes is lacking. The changes may be potentially
important clinically and need to be studied further.

Children with DMD have dystrophin gene deletions.
Firstly, dystrophin is present in many cells throughout the
body, including CNS neurons, glia, and vascular endothelial
cells (which are regulated by the M-promotor). Dystrophin
has a great many interactions with a variety of proteins of
the extracellular matrix, plasma membrane, cytoskeleton,
and distinct intracellular compartments. Therefore, the
lack of dystrophin expression may contribute to the WM
changes. Secondly, since dystrophin mainly exists in the
cerebral cortex, hippocampus, and cerebellar neurons, its
absence may result in changes in WM tracts connected
to homologous brain gray matter (GM). Doorenweerd
et al. using voxel-based morphometry found that DMD
patients have a significantly smaller occipital cortex and
significantly lower WM FA in the occipital lobe (37).
Thirdly, during neural development, dystrophin is
expressed within the neural tube and selected areas of the
embryonic and postnatal neuraxis, and may regulate distinct
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Table 1 Comparison of brain region FA values between the DMD group and healthy controls (mean + SD)
Location DMD Controls t P
Parietal lobe WM

Left 0.482+0.063 0.458+0.051 1.081 0.291

Right 0.463+0.063 0.430+0.046 1.523 0.141
Frontal lobe WM

Left 0.407+0.093 0.380+0.079 0.803 0.430

Right 0.417+0.087 0.378+0.070 1.259 0.220
Genu of corpus callosum 0.775+0.066 0.801+0.093 -0.805 0.429
Splenium of corpus callosum 0.790+0.123 0.883+0.047 -2.441 0.029*
Caput nuclei caudati

Left 0.132+0.030 0.154+0.050 -1.279 0.213

Right 0.138+0.031 0.148+0.053 -0.572 0.573
Occipital lobe WM

Left 0.653+0.074 0.636+0.074 0.576 0.570

Right 0.657+0.068 0.675+0.101 -0.523 0.606
Anterior cingulate

Left 0.172+0.045 0.166+0.057 0.294 0.7711

Right 0.180+0.052 0.179+0.069 0.053 0.958
Posterior cingulate

Left 0.178+0.039 0.183+0.038 -0.375 0.717

Right 0.179+0.033 0.192+0.032 -1.022 0.317
Lenticular nucleus

Left 0.121+0.028 0.112+0.027 -0.791 0.437

Right 0.114+0.027 0.125+0.024 -1.128 0.270
Posterior limb of internal capsule

Left 0.761+0.033 0.742+0.072 0.891 0.384

Right 0.787+0.023 0.752+0.079 1.592 0.132
Anterior limb of internal capsule

Left 0.626+0.090 0.624+0.088 0.071 0.944

Right 0.635+0.068 0.606+0.094 0.881 0.387
Thalamus

Left 0.272+0.064 0.293+0.055 -0.874 0.391

Right 0.284+0.048 0.272+0.055 0.589 0.562
Temporal lobe WM

Left 0.464+0.073 0.497+0.090 -1.010 0.323

Right 0.495+0.080 0.444+0.086 1.564 0.131
Hippocampus

Left 0.163+0.042 0.155+0.037 0.516 0.611

Right 0.148+0.044 0.154+0.036 -0.413 0.683
Superior cerebellar peduncle

Left 0.752+0.043 0.753+0.072 -0.015 0.988

Right 0.761+0.040 0.763+0.070 -0.135 0.894
Middle cerebellar peduncle

Left 0.738+0.059 0.760+0.088 -0.923 0.365

Right 0.774+0.075 0.797+0.060 -0.874 0.391

*, P<0.05. FA, fractional anisotropy; DMD, Duchenne muscular dystrophy; WM, white matter.
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Figure 2 Correlation between VIQ and FA value in the splenium of
corpus callosum in DMD. VIQ, verbal intelligence quotients score;

FA, fractional anisotropy; DMD, Duchenne muscular dystrophy.

aspects of neurogenesis, neuronal migration, and cellular
differentiation. Further research is needed to delineate the
exact mechanism of microstructural brain changes in DMD.

One limitation of this study was the use of manual ROIs
to measure FA in WM tracts. ROIs are subject to intra-rater
and inter-rater variability in placement, and do not cover
the entire fibre pathway. Further improvements in signal-
to-noise ratios continue to be required for more precise
calculation of anisotropy measures and more accurate WM
fibre tracking. Voxel-based morphometry and further DTT

analysis will be used in our future studies.

Conclusions

Our study has shown that there were microstructural
changes of splenium of CC in DMD patients, which was
associated with cognitive impairment.
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