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Brain magnetic resonance imaging 
in the DE50-MD dog model of Duchenne 
muscular dystrophy reveals regional reductions 
in cerebral gray matter
Abbe H. Crawford1  , Natasha L. Hornby1, Alerie G. de la Fuente2,3,4 and Richard J. Piercy1*   

Abstract 

Background Duchenne muscular dystrophy is a X-linked disease characterized by severe and progressive muscle 
weakness, alongside cognitive impairment and a range of neurobehavioral disorders secondary to brain dystrophin 
deficiency. Duchenne muscular dystrophy patients have reduced cerebral gray matter and altered white matter ultra-
structure (detected by magnetic resonance imaging) compared to age-matched controls.

Methods We studied the DE50-MD canine model of Duchenne muscular dystrophy, which is deficient in full length 
brain dystrophin (Dp427) isoforms and has a neurocognitive phenotype. Eight DE50-MD and 6 age-matched litter-
mate wild type male dogs underwent serial brain magnetic resonance imaging from 14 to 33 months of age.

Results Reduced regional gray matter was detected in DE50-MD dogs compared with wildtype, including the 
piriform lobe, hippocampus and cingulate gyrus. Lateral ventricle volume was larger in DE50-MD dogs. Differences 
did not progress over time. White matter volume did not differ between DE50-MD and wildtype dogs. There was no 
difference in brain nor cranial vault volume between DE50-MD and wildtype dogs.

Conclusion Dystrophin deficiency in the canine brain results in structural changes that likely contribute to the neu-
rocognitive phenotype.

Keywords Duchenne muscular dystrophy, Canine, Brain, Magnetic resonance imaging

Background
Duchenne muscular dystrophy (DMD) is an X-linked 
disease characterized by progressive muscle weakness 
due to mutations in the DMD gene. The DMD gene 
encodes dystrophin, a protein expressed in striated 
muscle where it provides structural stability by link-
ing the actin cytoskeleton to the extracellular matrix. 
In addition to muscle weakness, DMD is associated 
with cognitive impairment and a range of neurobehav-
ioral disorders secondary to dystrophin deficiency in 
the brain. Approximately 30% of boys with DMD have 
intellectual impairment (IQ < 70) [1], alongside a higher 
incidence of attention-deficit/hyperactivity disorders, 
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anxiety disorders, autism spectrum disorders and obses-
sive–compulsive disorder [2–4]. Full length dystrophin 
(Dp427) is expressed in the brain, alongside two shorter 
isoforms of the dystrophin protein, Dp140 and Dp71. 
These isoforms share significant sequence conservation 
beyond N-terminal truncations but show temporospatial 
differences in expression [5].

Animal models of DMD enable detailed studies of dys-
trophin expression, function and the consequences of 
its deficiency [6–10]. Dogs represent a valuable model 
of DMD as the severity and progression of muscle dis-
ease closely mimics that of humans [11] and their brain 
size and structure is more comparable to humans than 
those of rodents. Dp427, Dp140 and Dp71 dystrophin 
isoforms are expressed in the normal adult canine brain 
with regional expression patterns that reflect those of 
the human brain [12]. In 2010, we reported a spontane-
ous splice site mutation in a Cavalier King Charles Span-
iel that results in deletion of exon 50 and an out of frame 
transcript [8]. This mutation site falls within the major 
human DMD mutational hotspot (exons 45–53) and has 
since been maintained on a beagle background to create 
the DE50-MD dog model of DMD. DE50-MD dogs are 
deficient in brain Dp427 protein expression but retain 
expression of Dp140 and Dp71, albeit with a mild reduc-
tion in Dp140; these dogs have a detectable cognitive and 
neurobehavioral phenotype including reduced attention, 
problem solving and exploration of novel objects [12].

A range of imaging modalities has been used to evalu-
ate the dystrophin-deficient brain, including magnetic 
resonance imaging (MRI), magnetic resonance spectros-
copy (MRS) and positron emission tomography (PET). 
In the mdx mouse model of DMD (deficient in Dp427), 
an increase in gray matter volume compared to wildtype 
(WT) control mice, including the hippocampus and glo-
bus pallidus, was identified on MRI performed postmor-
tem [13]. In the mdx52 mouse model (deficient in Dp427 
and Dp140) no gross structural changes were identified 
in the brain when 12 areas of interest were assessed by 
MRI and histological analysis [14]. In patients with DMD, 
significant global morphological and microstructural dif-
ferences were detected using MRI, specifically reductions 
in total brain volume, gray matter volume and white mat-
ter microstructural integrity as well as a reduction in cer-
ebral perfusion [15–17]. Intracranial volume was smaller 
in DMD patients compared to healthy controls, but this 
difference failed to reach statistical significance [16].

The aim of this study was to perform quantitative eval-
uation of MRI of the brain of DE50-MD dogs and WT 
age matched controls to compare gray matter, white mat-
ter and ventricle volume. Additionally, we used computed 
tomography (CT) to evaluate skull size and dimensions. 
We reveal that DE50-MD dogs have a reduction in 

regional gray matter volumes, with larger lateral ventri-
cles compared to age-matched WT controls.

Results
Initial evaluation of MR images did not identify gross 
structural abnormalities in any of the studied dogs 
(Fig. 1).

Principal component analysis (PCA)
A PCA was performed to evaluate all MRI variables for 
all dogs. PCA revealed nine components with an Eigen-
value greater than one, accounting for 21.4%, 13.6%, 
11.5% and 8.6%, 7.0%, 5.7%, 5.1%, 4.2% and 3.5% of the 
total variance, respectively. For Principal component 
1 (PC1_all), there was a significant difference between 
DE50-MD dogs and WT (p = 0.002) (Fig.  2A), but not 
between ages (p = 0.577) nor their interaction (p = 0.293). 
Cingulate gyrus volume, piriform lobe volume and lateral 
ventricle volume contributed most to PC1.

A PCA was then performed with only the gray matter 
variables, revealing six components with an Eigenvalue 
of greater than one. PC1_gray accounted for 24.2% of the 
total variance, with cingulate gyrus, piriform lobe and 
hippocampus contributing most. Again, there was a sig-
nificant difference in PC1_gray between DE50-MD dogs 
and WT (p =  < 0.001) (Fig.  2B), but not between ages 
(p = 0.515).

Finally, a PCA was performed with only the white mat-
ter variables, revealing two components with an Eigen-
value greater than one. PC1_white accounted for 35.6% 
of the total variance. No significant difference was identi-
fied in PC1_white between DE50-MD dogs and WT dogs 
(p = 0.468) (Fig. 2C).

Linear mixed model of individual MRI measurements
No significant interaction was found when data were 
grouped by genotype and age (i.e. DE50MD 6  m, WT 
6 m) for any of the studied variables. When grouped by 
age alone, the summative value of all recorded white mat-
ter areas was significantly associated with age (p = 0.001), 
with an increase in white matter area detected in both 
DE50-MD and WT dogs with age (Fig.  3A). All other 
measured variables showed no significant interaction 
with age; summative gray matter area and lateral ven-
tricle volume showed no change over the studied ages 
(Fig. 3B, C).

On T2w images, when all data points were grouped 
by genotype, the cingulate gyrus volumes (left p = 0.015, 
right p < 0.001), right piriform lobe area (p = 0.007), right 
hippocampal area (p = 0.043) and hippocampal volumes 
(left p = 0.01, right p = 0.044) were significantly lower in 
DE50-MD dogs compared with WT (Fig. 4).
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The lateral ventricle volumes showed higher variation 
in DE50-MD dogs (range 0.15–1.86   cm3, compared to 
0.19–0.53  cm3 in WT), with a significantly greater vol-
ume compared to WT (left p = 0.045, right p = 0.036) 
(Fig. 5A–F).

On T1w images, cerebral cortical gray matter trans-
verse area at the level of the ITA (p = 0.033) and at the 
level of the rostral colliculi of the midbrain (p = 0.015) 
were significantly decreased in DE50-MD dogs (Fig. 5G, 

H). Other measured variables showed no difference 
with age nor genotype.

Linear mixed model of skull CT measurements
Maximum internal skull height, maximum internal skull 
width and total volume of the intracranial vault as meas-
ured on CT was not different between DE50-MD and 
WT dogs (Additional file 1: Table S1).

Fig. 1 Representative sagittal magnetic resonance images from a 18mo WT dog A, B and 18mo DE50-MD dog C,D. (Sagittal plane images, A,C: 
T2-weighted, B,D: T1-weighted). No gross structural differences were noted between DE50-MD and age-matched WT controls

Fig. 2 Principal component analysis of MRI variables in DE50-MD and WT dogs. A Principal component 1 (PCA1) was significantly different between 
DE50-MD and WT dogs when all evaluated MRI variables were included. B When all gray matter variables were evaluated PCA1 (PCA1_gray) was 
significantly different between DE50-MD and WT dogs. C When all white matter variables were evaluated, there was no difference in PCA1 (PAC1_
white) between DE50-MD and WT dogs (*p < 0.05, **p < 0.01, ***p < 0.001). Individual data, mean and standard deviation shown
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Discussion
Approximately 50% of patients with DMD have intel-
lectual disability and/or neurobehavioural comorbidi-
ties due to dystrophin deficiency in the brain [1, 18]. 
Similarly, altered brain function has been documented 
in mouse and dog models of DMD [12, 19–23]. In this 
study we used MRI to study the brain of DE50-MD dogs, 
a canine model of DMD that is deficient in Dp427 pro-
tein expression and has a modest reduction in Dp140 
protein expression. This revealed regional gray matter 
reduction in the brains of dystrophic dogs when com-
pared with age-matched WT dogs. Reduced gray matter 

was detected in the piriform lobe, hippocampus and cin-
gulate gyrus with enlargement of the lateral ventricles. 
White matter volume and cranial vault dimensions were 
unchanged.

Studies of the mdx mouse model of DMD, which car-
ries a point mutation in exon 23 and fails to express full 
length dystrophin protein (Dp427), have shown a non-
significant increase in brain volume compared to WT 
controls [13, 24, 25]. Specifically, the hippocampus, glo-
bus pallidus and caudate putamen were larger in mdx 
mice [13]. This contrasts markedly with the reduction 
in gray matter volume reported in DMD patients [16, 

Fig. 3 Total recorded white matter area showed a significant increase with age in both DE50-MD and WT dogs (A), while total recorded gray matter 
area (B) and total lateral ventricle volume (C) remained constant across studied ages (*p < 0.05, ***p < 0.001). Individual data, mean and standard 
deviation shown

Fig. 4 MRI revealed regional reductions in gray matter in DE50-MD dogs compared with WT on T2-weighted images. A Left and B right cingulate 
gyrus volume, C left and D right piriform lobe area, E left and F right hippocampal area and G left and H right hippocampal volume were decreased 
in DE50-MD dogs compared with WT (*p < 0.05, **p < 0.01, ***p < 0.001). Individual data, mean and standard deviation shown
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26] and to the reduced regional gray matter volumes we 
have identified in the DE50-MD canine model of DMD. 
Therefore, in comparison to mouse models, DE50-MD 
dogs might offer a more translationally relevant pre-clin-
ical model to study the consequences of brain dystrophin 
deficiency.

The limbic system consists of a complex group of 
closely interrelated brain structures that have a broad 
influence on brain function, including emotion and 
behaviour. Limbic structures include the hippocampus, 
cingulate gyrus, parahippocampal gyrus of the piri-
form lobe, mammillary bodies of the hypothalamus, 
thalamus, amygdala and septal nuclei. Our findings of 
a reduction in volume of the hippocampus, cingulate 
gyrus and piriform lobe might reflect disruption of the 
limbic system and thus contribute to the identified neu-
rocognitive phenotype [12]. In DMD patients, imaging 
studies have identified changes consistent with altered 
limbic system function: functional MRI revealed hyper-
connectivity in the default mode network [27] that 
includes the prefrontal cortex, cingulate cortex and hip-
pocampus, and PET showed glucose hypometabolism 
of the hippocampus [28]. The mdx mouse exhibits exag-
gerated startle responses to threat [20, 29], linked to the 
deficiency of dystrophin in limbic structures such as 
the amygdala. Furthermore, enhanced fearfulness was 

associated with reduced exploration of novel objects 
when assessed in an open field test [29]. A reduction in 
GABA-A receptor clustering and disrupted inhibitory 
synaptic function has been detected in the amygdala 
and hippocampus of the mdx mouse and is considered 
central to the enhanced fear responses [30, 31]. Anxiety 
symptoms are reported by 24–33% of people with DMD 
[2, 32, 33], particularly increased fear-based anxiety 
symptoms (social and separation anxiety) [34]. A recent 
study identified an increased unconditioned startle 
response in boys with DMD [35]. Furthermore, Dp427 
(cortical and muscle isoforms) is highly expressed in 
the human hippocampus and amygdala [5]. Assessment 
of anxiety and enhanced fear phenotype in the DE50-
MD dogs, along with interrogation of GABA-receptor 
clustering, will be a key goal for future studies.

Musculoskeletal impairment has been associated 
with alterations in brain regions responsible for the 
production and perception of movement in people 
[36, 37]. Hence, it is possible that the skeletal muscle 
pathology in DMD results in secondary changes in 
brain motor centres. In this study we have not specifi-
cally interrogated the motor centres given the chal-
lenges in accurately delineating these in the canine 
brain. A goal of future studies will be to evaluate motor 
skills and compare these to volumetric and functional 

Fig. 5 A–F Lateral ventricle volume was significantly higher in DE50-MD dogs compared with WT. Representative T2-weighted transverse magnetic 
resonance images of the brain of a 28mo WT dog and 28mo DE50-MD dog shows comparatively larger lateral ventricles (indicated by white arrows) 
in the DE50-MD dog (C,D). (A,C: at the level of the caudal aspect of the third ventricle. B, D: at the level of the caudal colliculi). Both the left (E) and 
right (F) lateral ventricles were larger in volume in DE50-MD dogs compared with WT (*p < 0.05). G, H) T1W images revealed reduced regional gray 
matter in DE50-MD dogs compared with WT. G) Cerebral cortical gray matter transverse area at the level of the interthalamic adhesion and H) at the 
level of the rostral colliculi of the midbrain was significantly decreased in DE50-MD dogs compared with WT (*p < 0.05). Individual data, mean and 
standard deviation shown
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MRI assessments of cortical and subcortical motor cen-
tres in DE50-MD dogs.

We found no significant differences in white mat-
ter volume between DE50-MD dogs and WT controls. 
This was also reported in boys with DMD and healthy 
matched controls [16]. However, diffusion tensor imaging 
revealed white matter changes at a microstructural level, 
with smaller fractional anisotropy and increased medial 
diffusivity, indicative of compromised structural com-
plexity [17]. Unfortunately, diffusion tensor imaging is 
not supported with our current MRI facilities and hence 
we were unable to evaluate white matter integrity but this 
will be a goal for future studies. We previously reported 
reduced interaction with a novel olfactory cue, with fail-
ure to habituate to a mirror reflection in DE50-MD dogs 
[12], potentially consistent with compromise of the pre-
frontal cortex and frontal cortex circuitry. Future stud-
ies to interrogate white matter integrity of the prefrontal 
cortex and frontal circuitry might identify structural cor-
relations to the detected neurocognitive phenotype.

Reduced total brain volume in DMD patients compared 
with healthy age-matched controls has been reported, 
with no significant change in cerebrospinal fluid (CSF) 
volume [16]. Furthermore, skull size was found to be 
proportional to total brain volume, suggesting that the 
smaller brains in DMD are a result of differences in 
maturation rather than atrophy. In dogs, we found no 
decrease in total brain volume, but an increase in vol-
ume of the lateral ventricles, raising the possibility that 
reduced gray matter volume was compensated for by an 
increase in CSF volume so maintaining stable total brain 
volume within the unchanged skull volume. A study of 
mdx mice similarly identified an increase in lateral ven-
tricle volume [25]. Given the consistent gray matter vol-
umes over the studied age range, failure of gray matter 
development would appear more likely than a progres-
sive atrophy in the DE50-MD dogs. Studies to interrogate 
the histopathological changes that result in reduced gray 
matter volume alongside ventricular enlargement might 
reveal insights into the cause of these changes at the cel-
lular level and so provide further insights on the precise 
consequences of dystrophin deficiency in the canine 
brain. Furthermore, the gray matter changes appear to be 
established by 14 months of age in our model, suggesting 
that therapeutic interventions aiming to increase Dp427 
expression and prevent development of the neurocog-
nitive phenotype would require earlier administration. 
Characterisation of the precise timing at which the gray 
matter changes arise would facilitate identification of a 
potential therapeutic window for future interventional 
studies.

The DE50-MD dog is deficient in Dp427, but also 
shows a modest reduction in Dp140 protein expression in 

the brain [12]. Boys deficient in both Dp427 and Dp140 
have been found to have smaller gray matter, total brain 
and intracranial volumes compared to boys deficient 
in Dp427 only [16]. The identified regional gray mat-
ter reductions in the DE50-MD dog could therefore be 
a consequence of both the Dp427 deficiency and of the 
modest reduction in Dp140. Characterisation of which 
isoforms are expressed in the piriform lobe, hippocam-
pus and cingulate gyrus, and to what extent, could help 
ascertain the relative roles of these isoforms in the identi-
fied gray matter changes.

Corticosteroids are often used in patients with DMD 
to delay the progression of muscle weakness and pro-
long ambulation, but their use has been associated with 
detectable changes on brain MRI. For example, reduc-
tions in hippocampal and amygdala volume are docu-
mented in patients treated with steroids for rheumatoid 
arthritis or asthma [38] and children with hyperadreno-
corticism (elevated endogenous steroid production) have 
a significantly reduced total brain and amygdala volume, 
with larger ventricles compared with controls [39]. DE50-
MD dogs are steroid naïve and so the identified reduction 
in regional gray matter is not a consequence of concur-
rent corticosteroid treatment.

Limitations of the study include the small sample size, 
the variability in the number and timing of the imaging 
studies performed in each dog and the relatively short 
time window over which imaging studies were per-
formed (14–36 months old). We have not yet been able 
to develop and perform segmentation analysis in the 
canine brain to enable quantification of total gray matter 
volume, total white matter volume and total CSF volume. 
Analysis of T1w images identified a reduction in gray 
matter transverse area at two locations in the DE50-MD 
dog brain (ITA and rostral colliculi), however this was 
not replicated in T2w images. This could represent differ-
ing delineation of the gray and white matter between the 
two sequences, inaccuracies in assessment and/or inade-
quate sensitivity or representation of our chosen regions. 
In boys with DMD, the reduction in gray matter is global 
[16] and therefore future studies to evaluate large areas 
of gray matter volume in DE50-MD dogs are needed. 
Another important limitation of the study is that not all 
regions of the brain were assessed quantitatively. Regions 
of particular interest, such as the amygdala and motor 
cortex cannot be visualised accurately on our MR images 
and hence volumetric assessment was not possible. The 
amygdala underlies the rostral portion of the piriform 
lobe and our findings of a smaller piriform lobe in the 
DE50-MD dogs might encompass a reduction in size of 
the amygdala. Segmentation analysis, higher resolution 
MRI to enable accurate volumetric analysis of further 
regions of interest, evaluation of white matter integrity 
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with diffusion tensor imaging, evaluation of metabolic 
status of the brain with MRS and functional MRI stud-
ies will provide valuable further comparative insights to 
the microanatomy and physiology of the Dp427-deficient 
canine brain.

Conclusions
The DE50-MD dog model of DMD has regional reduc-
tions in gray matter volume with enlargement of the 
lateral ventricles. These changes are presumably a con-
sequence of absent dystrophin expression in the brain 
and provide important insights into key brain regions 
to evaluate for relevant neurobehavioural comorbidities 
contributing to brain dysfunction in this canine model of 
DMD.

Methods
Animals and anaesthesia
This study was conducted within a UK Animals (Scien-
tific Procedures) Act 1986 (ASPA) project licence with 
approval by the local Animal Welfare Ethical Review 
Board (AWERB) and is reported in accordance with 
ARRIVE guidelines. No dogs were specifically bred for 
this study; the dogs were bred for a separate natural 
phenotype study. Carrier female Beagle (RCC strain)-
cross dogs (F3 generation) were derived from an original 
founder female carrier (Bichon-Frise cross Cavalier King 
Charles Spaniel) purchased by the institution from the 
breeder to establish a research colony of DE50-MD dogs. 
Carrier females were mated in house with purchased 
Beagle stud males (RCC strain, Envigo) to produce WT, 
carrier and DE50-MD offspring. Dogs were housed 
in groups of 3–4 (12  h light/dark cycle; 15–24  °C), in a 
dedicated canine facility with large pens (minimum of 
2 × 4.5  m), access to outdoor runs, grass paddocks and 
different types of enrichment items, conditions that 
exceed the minimum stipulated by the UK Animal (Sci-
entific Procedures) Act 1987. All animals followed a com-
prehensive socialisation programme with daily human 
interactions and were acclimatised to routine procedures.

MRI was performed in 8 DE50-MD dogs and 6 age-
matched littermate WT male dogs every 3 to 6 months, 
from 14 to 33 months of age under general anaesthesia, 
though not all dogs were included at every time point. 
CT of the skull was performed in 8 DE50-MD dogs 
and 5 age-matched littermate WT male dogs every 3 
to 6  months, from 18 to 36  months of age under gen-
eral anaesthesia, but again not all dogs were included at 
every time point. The sample was limited to dogs avail-
able through a separate natural phenotype study; no dogs 
were bred specifically for this study and all work was 
conducted in alignment with other studies in accordance 
with the institute’s policy to minimise experimental dog 

numbers. Dogs were premedicated with 0.2 mg/kg meth-
adone (Synthadon, Animalcare), induced with 4–6 mg/kg 
propofol to effect (Propoflo, Zoetis), intubated and main-
tained on an inhalational mixture of sevoflurane (Sevo-
Flo, Zoetis) and oxygen whilst being infused with 5 ml/
kg/hr Hartmann’s solution (Aquapharm11, Animalcare).

MRI acquisition
Dogs were scanned in dorsal recumbency using a 
1.5  T Philips Intera MRI scanner (Philips Medical Sys-
tems, Best, The Netherlands). Sagittal and transverse 
T2-weighted (T2w) TSE sequences were acquired of the 
head (TE: 120  ms, TR: 3000  ms, slice thickness: 3  mm 
with 0.3  mm interslice gap). A T1-weighted (T1w) 3D 
turbo gradient echo sequence was then acquired (TE: 
8 ms, TR: 400 ms, slice thickness 0.7–1 mm with 0 mm 
interslice gap). MR images were analysed by a single 
investigator (AC) using OsiriX/Horos DICOM viewing 
software (Free open-source code software, horosproject.
org).

The following parameters were measured on T2w 
images: total intracranial volume, maximal brain sag-
ittal height, length and area, cingulate gyrus volume, 
cortical gray and white matter transverse areas (at level 
of interthalamic adhesion (ITA) and at rostral colliculi), 
thalamus transverse area (at ITA), piriform lobe area 
(parasagittal), hippocampal transverse area (at rostral 
colliculi), hippocampal volume, midbrain transverse area 
(at rostral colliculi), cerebellar gray and white matter vol-
umes, cerebellar sagittal area, brainstem sagittal area, 
lateral ventricle volume and mesencephalic aqueduct 
transverse area (at rostral colliculi). The following param-
eters were measured on T1w images: maximal brain 
sagittal height, length and area, caudate nuclei volume, 
thalamic transverse area (at ITA), cortical white and gray 
matter transverse areas (at ITA and at rostral colliculi), 
midbrain transverse area (at rostral colliculi), cerebel-
lar gray and white matter volumes and cerebellar sagittal 
area. These specific regions were selected based on ease 
of delineation and interest based on previous published 
literature. Outlines of each area of interest were manu-
ally delineated. To calculate volumes, area of interest was 
manually delineated on each slice and a volume interpo-
lation method used. The mean of 3 repeat measurements 
was used for statistical analysis.

CT acquisition
Immediately following MRI, dogs underwent CT in 
sternal recumbency using a Canon Aquilion ONETM/
GENESIS Edition 320-slice CT scanner (Canon Medi-
cal Systems, Otawara, Japan). CT images were analysed 
using a bone window (level: 400HU, width: 1800HU, slice 
thickness: 0.5  mm) in OsiriX/Horos DICOM viewing 
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software with reconstructions in sagittal and dorsal 
planes. The following parameters were measured: maxi-
mum internal skull width and height, and total intracra-
nial volume (volume assessment was performed at the 
36 months only). To calculate volumes, an outline of the 
intracranial vault was manually delineated in every 5th 
slice and regions of interest were generated for the inter-
vening slices; these were manually altered to the correct 
area on each slice as needed. The mean of 5 repeat meas-
urements was used for statistical analysis.

Statistical analysis
Data were assessed for normality using the Shapiro Wilk 
Test and assessment of frequency histograms. A prin-
cipal component analysis (PCA) was used to evaluate 
overall variation in the recorded MRI parameters among 
the DE50-MD and WT groups and across all ages. The 
effects of age, genotype and their interaction on the first 
component (PC1) was examined statistically using a lin-
ear mixed model (LMM) with Fisher’s LSD post-hoc 
comparisons. To account for repeated measures in the 
LMM analysis, dog was included as a random effect. The 
effects of age, genotype and their interaction on each 
recorded MRI and CT variable were then examined sta-
tistically, again using a LMM with Fisher’s LSD post-hoc 
comparisons with adjustment for multiple comparisons. 
Statistical analysis was performed using SPSS software 
(IBM SPSS Statistics 28) and results are expressed as 
mean ± SD unless otherwise stated. Differences and asso-
ciations were considered statistically significant when 
p < 0.05.

Abbreviations
CT:   Computed tomography
CSF:   Cerebrospinal fluid
DMD:   Duchenne muscular dystrophy
DE50-MD:   Delta50 canine model of muscular dystrophy
HU:   Hounsfield units
ITA:   Interthalamic adhesion
LMM:   Linear mixed model
MRI:   Magnetic resonance imaging
MRS:   Magnetic resonance spectroscopy
PCA:   Principal component analysis
PC1:   Principal component 1
PET:   Positron emission tomography
SD:   Standard deviation
WT:   Wildtype

Supplementary Information
The online version contains supplementary material available at https:// doi. 
org/ 10. 1186/ s12868- 023- 00788-2.

Additional file 1: Table S1. Computed tomography measurements of 
skull height, width and cranial vault volume.

Acknowledgements
We are grateful to Victoria Watts, Ashley Moors, Lindsey Berriman and Rachel 
Harron for their valuable technical assistance with this project, to Ruby Chang 
for her support with the statistical analysis and to the staff of the Biological 
Sciences Unit for excellent animal care.

Author contributions
Conception and study design (AHC and RJP), data collection or acquisition 
(AHC and NLH), statistical analysis (AHC and AGF), interpretation of results (All 
authors), drafting the manuscript (All authors), approval of final version to be 
published and agreement to be accountable for the integrity and accuracy of 
all aspects of the work (All authors). All authors read and approved the final 
manuscript.

Funding
This research was funded by the Wellcome Trust [Grant number 
101550/Z/13/Z] and a Starter Grant for Clinical Lecturers, supported by the 
Academy of Medical Sciences, the Wellcome Trust, the Medical Research 
Council, the British Heart Foundation, Versus Arthritis, Diabetes UK, British 
Thoracic Society and the Association of Physicians of Great Britain and Ireland 
[Grant number SGL020\1081 to A.C.]. AGF was funded by a Wellcome ISSF 
fellowship from Queen’s University Belfast and Miguel Servet junior group 
leader fellowship from the Spanish Health Institute Carlos III (Grant Number 
CP21/00032).

Availability of data and materials
The data that support the findings of this study are available from the cor-
responding author on reasonable request.

Declarations

Ethics approval and consent to participate
All animal experimental protocols have been carried out in accordance with 
relevant guidelines and regulations. This study was conducted within a UK 
Animals (Scientific Procedures) Act 1986 (ASPA) project license and with 
approval by the Royal Veterinary College’s Animal Welfare Ethical Review Board 
(AWERB) and is reported in accordance with ARRIVE guidelines.

Consent for publication
Not applicable.

Competing interests
Richard Piercy has received funding for separate research programmes 
from Pfizer and Exonics Therapeutics and has been a consultant to Exonics 
Therapeutics; the financial interests have been reviewed and approved by the 
University in accordance with conflict of interest policies. None of the other 
authors has a conflict of interest to declare.

Received: 5 September 2022   Accepted: 24 February 2023

References
 1. Cotton S, Voudouris NJ, Greenwood KM. Intelligence and Duchenne 

muscular dystrophy: full-scale, verbal, and performance intelligence 
quotients. Dev Med Child Neurol. 2001;43(7):497–501.

 2. Banihani R, Smile S, Yoon G, Dupuis A, Mosleh M, Snider A, et al. Cognitive 
and neurobehavioral profile in boys with duchenne muscular dystrophy. 
J Child Neurol. 2015;30(11):1472–82.

 3. Hendriksen JG, Vles JS. Neuropsychiatric disorders in males with duch-
enne muscular dystrophy: frequency rate of attention-deficit hyperactiv-
ity disorder (ADHD), autism spectrum disorder, and obsessive–compul-
sive disorder. J Child Neurol. 2008;23(5):477–81.

 4. Pane M, Messina S, Bruno C, D’Amico A, Villanova M, Brancalion B, et al. 
Duchenne muscular dystrophy and epilepsy. Neuromuscular Disord 
NMD. 2013;23(4):313–5.

 5. Doorenweerd N, Mahfouz A, van Putten M, Kaliyaperumal R, PAC TH, Hen-
driksen JGM, et al. Timing and localization of human dystrophin isoform 

https://doi.org/10.1186/s12868-023-00788-2
https://doi.org/10.1186/s12868-023-00788-2


Page 9 of 9Crawford et al. BMC Neuroscience           (2023) 24:21  

•
 
fast, convenient online submission

 •
  

thorough peer review by experienced researchers in your field

• 
 
rapid publication on acceptance

• 
 
support for research data, including large and complex data types

•
  

gold Open Access which fosters wider collaboration and increased citations 

 
maximum visibility for your research: over 100M website views per year •

  At BMC, research is always in progress.

Learn more biomedcentral.com/submissions

Ready to submit your researchReady to submit your research  ?  Choose BMC and benefit from: ?  Choose BMC and benefit from: 

expression provide insights into the cognitive phenotype of Duchenne 
muscular dystrophy. Sci Rep. 2017;7(1):12575.

 6. Bulfield G, Siller WG, Wight PA, Moore KJ. X chromosome-linked 
muscular dystrophy (mdx) in the mouse. Proc Natl Acad Sci USA. 
1984;81(4):1189–92.

 7. Larcher T, Lafoux A, Tesson L, Remy S, Thepenier V, Francois V, et al. 
Characterization of dystrophin deficient rats: a new model for Duchenne 
muscular dystrophy. PLoS ONE. 2014;9(10): e110371.

 8. Walmsley GL, Arechavala-Gomeza V, Fernandez-Fuente M, Burke MM, 
Nagel N, Holder A, et al. A duchenne muscular dystrophy gene hot spot 
mutation in dystrophin-deficient cavalier king charles spaniels is amena-
ble to exon 51 skipping. PLoS ONE. 2010;5(1): e8647.

 9. Kornegay JN. The golden retriever model of Duchenne muscular dystro-
phy. Skelet Muscle. 2017;7(1):9.

 10. Klymiuk N, Blutke A, Graf A, Krause S, Burkhardt K, Wuensch A, et al. 
Dystrophin-deficient pigs provide new insights into the hierarchy of 
physiological derangements of dystrophic muscle. Hum Mol Genet. 
2013;22(21):4368–82.

 11. McGreevy JW, Hakim CH, McIntosh MA, Duan D. Animal models of Duch-
enne muscular dystrophy: from basic mechanisms to gene therapy. Dis 
Model Mech. 2015;8(3):195–213.

 12. Crawford AH, Hildyard JCW, Rushing SAM, Wells DJ, Diez-Leon M, Piercy 
RJ. Validation of DE50-MD dogs as a model for the brain phenotype of 
Duchenne muscular dystrophy. Dis Model Mech. 2022;15(3):dmm049291.

 13. Kogelman B, Khmelinskii A, Verhaart I, Vliet LV, Bink DI, Aartsma-Rus A, 
et al. Influence of full-length dystrophin on brain volumes in mouse mod-
els of Duchenne muscular dystrophy. PLoS ONE. 2018;13(3): e0194636.

 14. Saoudi A, Zarrouki F, Sebrie C, Izabelle C, Goyenvalle A, Vaillend C. 
Emotional behavior and brain anatomy of the mdx52 mouse model of 
Duchenne muscular dystrophy. Dis Model Mech. 2021;14(9):dmm040028.

 15. Doorenweerd N, Dumas EM, Ghariq E, Schmid S, Straathof CS, Roest AA, 
et al. Decreased cerebral perfusion in duchenne muscular dystrophy 
patients. Neuromuscular Disord NMD. 2017;27(1):29–37.

 16. Doorenweerd N, Straathof CS, Dumas EM, Spitali P, Ginjaar IB, Wokke BH, 
et al. Reduced cerebral gray matter and altered white matter in boys with 
Duchenne muscular dystrophy. Ann Neurol. 2014;76(3):403–11.

 17. Preethish-Kumar V, Shah A, Kumar M, Ingalhalikar M, Polavarapu K, Afsar 
M, et al. In Vivo evaluation of white matter abnormalities in children 
with duchenne muscular dystrophy using DTI. AJNR Am J Neuroradiol. 
2020;41(7):1271–8.

 18. Snow WM, Anderson JE, Jakobson LS. Neuropsychological and neurobe-
havioral functioning in Duchenne muscular dystrophy: a review. Neurosci 
Biobehav Rev. 2013;37(5):743–52.

 19. Muntoni F, Mateddu A, Serra G. Passive avoidance behaviour deficit in the 
mdx mouse. Neuromuscular Disord NMD. 1991;1(2):121–3.

 20. Sekiguchi M, Zushida K, Yoshida M, Maekawa M, Kamichi S, Yoshida M, 
et al. A deficit of brain dystrophin impairs specific amygdala GABAergic 
transmission and enhances defensive behaviour in mice. Brain J Neurol. 
2009;132(Pt 1):124–35.

 21. Vaillend C, Billard JM, Laroche S. Impaired long-term spatial and recogni-
tion memory and enhanced CA1 hippocampal LTP in the dystrophin-
deficient Dmd(mdx) mouse. Neurobiol Dis. 2004;17(1):10–20.

 22. Vaillend C, Rendon A, Misslin R, Ungerer A. Influence of dystrophin-
gene mutation on mdx mouse behaviour I Retention deficits at long 
delays in spontaneous alternation and bar-pressing tasks. Behav Genet. 
1995;25(6):569–79.

 23. Remmelink E, Aartsma-Rus A, Smit AB, Verhage M, Loos M, van Putten 
M. Cognitive flexibility deficits in a mouse model for the absence of full-
length dystrophin. Genes Brain Behav. 2016;15(6):558–67.

 24. Miranda R, Sebrie C, Degrouard J, Gillet B, Jaillard D, Laroche S, et al. Reor-
ganization of inhibitory synapses and increased PSD length of perforated 
excitatory synapses in hippocampal area CA1 of dystrophin-deficient 
mdx mice. Cereb Cortex. 2009;19(4):876–88.

 25. Xu S, Shi D, Pratt SJP, Zhu W, Marshall A, Lovering RM. Abnormalities in 
brain structure and biochemistry associated with mdx mice measured 
by in vivo MRI and high resolution localized (1)H MRS. Neuromuscular 
Disord NMD. 2015;25(10):764–72.

 26. Lv SY, Zou QH, Cui JL, Zhao N, Hu J, Long XY, et al. Decreased gray matter 
concentration and local synchronization of spontaneous activity in the 
motor cortex in Duchenne muscular dystrophy. AJNR Am J Neuroradiol. 
2011;32(11):2196–200.

 27. Doorenweerd N, de Rover M, Marini-Bettolo C, Hollingsworth KG, Niks EH, 
Hendriksen JGM, et al. Resting-state functional MRI shows altered default-
mode network functional connectivity in Duchenne muscular dystrophy 
patients. Brain Imaging Behav. 2021;15(5):2297–307.

 28. Lee JS, Pfund Z, Juhasz C, Behen ME, Muzik O, Chugani DC, et al. Altered 
regional brain glucose metabolism in duchenne muscular dystrophy: a 
pet study. Muscle Nerve. 2002;26(4):506–12.

 29. Vaillend C, Chaussenot R. Relationships linking emotional, motor, cogni-
tive and GABAergic dysfunctions in dystrophin-deficient mdx mice. Hum 
Mol Genet. 2017;26(6):1041–55.

 30. Fritschy JM, Panzanelli P, Tyagarajan SK. Molecular and functional 
heterogeneity of GABAergic synapses. Cell Mol Life Sci CMLS. 
2012;69(15):2485–99.

 31. Perronnet C, Vaillend C. Dystrophins, utrophins, and associated scaffold-
ing complexes: role in mammalian brain and implications for therapeutic 
strategies. J Biomed Biotechnol. 2010;2010: 849426.

 32. Darmahkasih AJ, Rybalsky I, Tian C, Shellenbarger KC, Horn PS, Lambert JT, 
et al. Neurodevelopmental, behavioral, and emotional symptoms com-
mon in Duchenne muscular dystrophy. Muscle Nerve. 2020;61(4):466–74.

 33. Pangalila RF, van den Bos GA, Bartels B, Bergen M, Stam HJ, Roebroeck 
ME. Prevalence of fatigue, pain, and affective disorders in adults with 
duchenne muscular dystrophy and their associations with quality of life. 
Arch Phys Med Rehabil. 2015;96(7):1242–7.

 34. Trimmer RMK, Mandy F. Understanding anxiety experienced by boys with 
Duchenne muscular dystrophy: a qualitative focus group study british 
paediatric neurology association annual Meeting Belfast. Hoboken: 
Blackwell Publishing Ltd; 2020.

 35. Maresh K, Papageorgiou A, Ridout D, Harrison NA, Mandy W, Skuse D, 
et al. Startle responses in duchenne muscular dystrophy: a novel bio-
marker of brain dystrophin deficiency brain. J Neurol. 2022;146(1):252.

 36. Conboy V, Edwards C, Ainsworth R, Natusch D, Burcham C, Danisment B, 
et al. Chronic musculoskeletal impairment is associated with alterations 
in brain regions responsible for the production and perception of move-
ment. J Physiol. 2021;599(8):2255–72.

 37. Liepert J, Tegenthoff M, Malin JP. Changes of cortical motor area 
size during immobilization. Electroencephalogr Clin Neurophysiol. 
1995;97(6):382–6.

 38. Brown ES, Woolston DJ, Frol AB. Amygdala volume in patients receiving 
chronic corticosteroid therapy. Biol Psychiatry. 2008;63(7):705–9.

 39. Coburn-Litvak PS, Tata DA, Gorby HE, McCloskey DP, Richardson G, Ander-
son BJ. Chronic corticosterone affects brain weight, and mitochondrial, 
but not glial volume fraction in hippocampal area CA3. Neuroscience. 
2004;124(2):429–38.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub-
lished maps and institutional affiliations.


	Brain magnetic resonance imaging in the DE50-MD dog model of Duchenne muscular dystrophy reveals regional reductions in cerebral gray matter
	Abstract 
	Background 
	Methods 
	Results 
	Conclusion 

	Background
	Results
	Principal component analysis (PCA)
	Linear mixed model of individual MRI measurements
	Linear mixed model of skull CT measurements

	Discussion
	Conclusions
	Methods
	Animals and anaesthesia
	MRI acquisition
	CT acquisition
	Statistical analysis

	Anchor 19
	Acknowledgements
	References


