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Abstract

Objective: Duchenne muscular dystrophy (DMD) is a neuromuscular disorder

in which many patients also have neurobehavioral problems. Corticosteroids, the

primary pharmacological treatment for DMD, have been shown to affect brain

morphology in other conditions, but data in DMD are lacking. This study aimed

to investigate the impact of two corticosteroid regimens on brain volumetrics in

DMD using magnetic resonance imaging (MRI). Methods: In a cross-sectional,

two-center study, T1-weighted MRI scans were obtained from three age-matched

groups (9–18 years): DMD patients treated daily with deflazacort (DMDd,

n = 20, scan site: Leuven), DMD patients treated intermittently with prednisone

(DMDi, n = 20, scan site: Leiden), and healthy controls (n = 40, both scan sites).

FSL was used to perform voxel-based morphometry analyses and to calculate

intracranial, total brain, gray matter, white matter, and cerebrospinal fluid vol-

umes. A MANCOVA was employed to compare global volumetrics between

groups, with site as covariate. Results: Both patient groups displayed regional dif-

ferences in gray matter volumes compared to the control group. The DMDd

group showed a wider extent of brain regions affected and a greater difference

overall. This was substantiated by the global volume quantification: the DMDd

group, but not the DMDi group, showed significant differences in gray matter,

white matter, and cerebrospinal fluid volumes compared to the control group,

after correction for intracranial volume. Interpretation: Volumetric differences in

the brain are considered part of the DMD phenotype. This study suggests an addi-

tional impact of corticosteroid treatment showing a contrast between pronounced

alterations seen in patients receiving daily corticosteroid treatment and more sub-

tle differences in those treated intermittently.

Introduction

Duchenne muscular dystrophy (DMD) is characterized

by progressive muscle damage resulting from a mutation

in the dystrophin gene that disrupts dystrophin

function.1 Chronic corticosteroid treatment is the

primary pharmaceutical option.2,3 Prednisone and defla-

zacort are the two corticosteroids used to treat DMD.4

Corticosteroid treatment is considered the standard of

care; however, both daily and intermittent dosing regi-

mens exist and are generally chosen based on perceived

risk–benefit assessment.5
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Dystrophin is not only expressed in the muscle, but also

in the brain.6 In addition to physical symptoms, DMD

patients may have a specific behavioral and neurocognitive

phenotype.7 They are at higher risk for intellectual disabil-

ity, learning disorders, and psychiatric disorders.7–11 Struc-

tural brain MRI studies have demonstrated smaller gray

matter (GM) volumes and less structured white matter

(WM) networks in DMD compared to healthy controls.12–15

Furthermore, these findings provide evidence of the

involvement of the brain in DMD, as they suggest that

DMD patients with mutations located more distally in the

dystrophin gene, and thus lacking brain isoforms, exhibit

more pronounced brain alterations. Other imaging modali-

ties, such as arterial spin labeling, resting-state functional

MRI, and PET imaging, have demonstrated differences in

cerebral blood flow, spontaneous cerebral activity, and glu-

cose metabolism in DMD patients.16–19 However, the exact

relationship between dystrophin expression, brain structure

and function, and behavioral and cognitive outcomes

remains unclear.13,20

Corticosteroids can cross the blood–brain barrier and

bind to mineralocorticoid and glucocorticoid receptors to

affect gene transcription in all major cell types in the

brain.21–24 While studies investigating the cerebral effects

of corticosteroid treatment in childhood are scarce, there

is evidence that some corticosteroids induce brain atrophy

in children and adolescents.25–28 Studies in adults have

linked subcortical and cortical atrophy to corticosteroid

treatment, as well as decreased WM integrity.29–33 Addi-

tionally, unfavorable behavioral changes and onset of psy-

chiatric symptoms due to corticosteroid treatment have

been described, also in the DMD population.4,5,34

As DMD boys are treated with relatively high corticoste-

roid doses starting from a young age and continuing into

early adulthood, they may develop corticosteroid-induced

cerebral alterations on top of DMD-specific brain patho-

physiology. Disentangling both influences is difficult as cor-

ticosteroid treatment is the standard of care, and patients

not receiving corticosteroids are rare. Alternatively, com-

paring different corticosteroid regimens may help to under-

stand the differential impact of chronic corticosteroid

treatment. Therefore, the main aim of this study was to

investigate volumetric brain parameters in DMD patients

treated daily with corticosteroids, in DMD patients treated

with an intermittent corticosteroid regimen and in healthy

age-matched controls using structural MRI.

Methodology

Participants

DMD patients treated daily with deflazacort (cfr. guide-

lines: 0.90 mg/kg/day with a maximum of 36 mg per day)2

were recruited from the neuromuscular reference center at

the University Hospitals Leuven (UZL) in Belgium

(DMDd, n = 20). Inclusion criteria for the DMDd group

were 1) age between 9 and 20 years; 2) native Dutch speak-

ing; 3) genetically confirmed diagnosis of DMD with speci-

fication of gene mutation; and 4) treatment with daily

deflazacort. Participants in the DMDd group were age-

matched with an equal number of DMD patients treated

intermittently (10 days on/10 days off) with prednisone

(cfr. guidelines: 0.75 mg/kg/day, with a maximum of

30 mg per day)2 selected from a historic dataset of 29

patients assessed at the Leiden University Medical Center

(LUMC) and described previously12 (DMDi, n = 20).

Finally, a control group consisting of 40 age-matched

healthy participants was included, comprising data from 20

healthy Dutch volunteers from the historic dataset at the

LUMC and data from 20 healthy Belgian controls who par-

ticipated in a similar study published by Van Dessel et al.35

at the University Hospitals Leuven.

Ethical approval (UZL: s62667 and LUMC: P09.121)

was obtained in both centers. Prior to scanning, partici-

pants and parents provided written informed consent.

Data management and processing were carried out fol-

lowing the regulations of the Helsinki Convention and

the General Data Protection Regulation.

Demographic and clinical information

Age at time of scanning was collected for all participants,

and for DMD subjects additional clinical information was

obtained from patient records, including ambulation sta-

tus, age at corticosteroid initiation, and information on

genetic diagnosis. Participants were considered wheelchair

bound if they had lost their ability to walk more than 10

meters without support at the time of scanning. Cortico-

steroid initiation data were available for 20 patients in the

DMDd group and 12 patients in the DMDi group,

enabling us to calculate the duration of corticosteroid use

until the scan date. Information on genetic diagnosis was

interpreted to identify participants with mutations

upstream of exon 45, which suggests the ability to pro-

duce the brain dystrophin isoform Dp140.8

MRI protocol

Structural brain MRI scans were acquired in two centers:

UZL scanned the patients in the DMDd group and

healthy Belgian controls, while LUMC scanned patients in

the DMDi group and healthy Dutch controls. All scans

were conducted by trained researchers. Prior to being

positioned in the MRI scanner, participants received a

comprehensive explanation and were familiarized with the

scanner and scan room.
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MRI scanning was performed on a 3T Philips Achieva

scanner (Philips Healthcare Best, the Netherlands) with a

32-channel head coil (UZL) or an 8-channel head coil

(LUMC). Structural scans were acquired using a standard

T1-weighted pulse sequence with fixed scan parameters:

TE = 4.6 ms, TR = 9.7 ms, flip angle = 8°, field of

view = 256 9 242 mm2 and 1 mm3 voxel size. Scans

were assessed by an independent radiologist for gross

structural abnormalities.

Structural analysis

Three voxel wise statistical analyses were performed to

assess regional differences in GM between respectively

the DMDd group and the control group, the DMDi

group and the control group, and the DMDd group

and the DMDi group. In each analysis, structural data

were analyzed with FSL-VBM,44 an optimized VBM

protocol45 carried out with FSL tools.37 First, structural

images were brain-extracted and GM-segmented before

being registered to the MNI152 standard space using

nonlinear registration.41 The resulting images were aver-

aged and flipped along the x-axis to create a left–right
symmetric, study-specific GM template. Second, all

native GM images were nonlinearly registered to this

study-specific template and modulated to correct for

regional expansion (or contraction) due to the nonlinear

component of the spatial transformation. The modulated

GM images were then smoothed with an isotropic

Gaussian kernel.

Figure 1 shows an overview of the consecutive struc-

tural preprocessing steps that were performed using the

fsl_anat pipeline in FMRIB Software Library (FSL) soft-

ware v6.0.536–38 to calculate the global concentration of

intracranial volume (ICV), total brain volume (TBV),

GM volume (GMV), WM volume (WMV), and cerebro-

spinal fluid (CSF). T1-weighted images were bias-field

corrected, registered to standard space using a Montreal

Neurological Institute (MNI) 152-template (FLIRT39,40

and FNIRT41), brain extraction (BET42 and FNIRT41),

and tissue-type segmentation (FAST43). Fslstats –V was

used to compute each partial volume with the output

from FAST.0.1.1. Axial slices were visually inspected to

ensure an accurate normalization and segmentation

procedure.

Statistical analysis

Within the FSL-VBM protocol, voxel-wise GLM was

applied using permutation-based nonparametric testing,

correcting for multiple comparisons across space. Ran-

domise, with 5000 permutations and threshold-free clus-

ter enhancement (TCFE), was applied with a corrected

probability of 0.05 as the significance threshold.

Figure 1. Overview of image processing with the FSL pipeline. Al T1-weighted images were bias-field corrected, registered to standard space

using a MNI152-template, and brain extracted before calculating brain volumes in native space.
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An analysis of variance (ANOVA) was used to test for

potential age differences between groups. Next, a one-

model multivariate analysis of covariance (MANCOVA)

with ICV, TBV, GMV, WMV, and CSF volume as depen-

dent variables, group as independent variable, and scan

site as covariate was performed to test global volumetric

differences between groups. As significant differences in

ICV were observed, ICV was added as covariate to the

MANCOVA in a second analysis to ensure that any

observed differences in GMV, WMV and CSF could not

be attributed solely to ICV variations. If the result of the

MANCOVA indicated a significant difference between the

groups, Bonferroni-corrected post hoc t-tests were per-

formed to explore significant group differences. Statistical

analyses were performed in SPSS (version 28, IBM, New

York, USA) at a significant level of 0.05.46

Results

Participants

An overview of the clinical characteristics of the three

groups is given in Table 1. No differences were found in

age between the three groups. Both DMD groups

matched well based on age at start of corticosteroid treat-

ment and duration of corticosteroid treatment.

Brain structure

No gross structural abnormalities or incidental findings

were discovered with routine visual assessment. VBM

analyses revealed that DMDd patients had significantly

reduced regional GMV throughout the whole cortex com-

pared to the control group, whereas for the occipital cor-

tex and subcortical structures, the DMDd group showed

larger regional GMV. A similar pattern of findings was

seen in the comparison between the DMDd group and

the DMDi group. Finally, the DMDi group exhibited

smaller regional GMV in the occipital cortex and some

subcortical structures, as well as higher regional GMV in

parts of the prefrontal cortex compared to the control

group. Spatial information on volumetric reduction and

enlargement is presented in Figure 2.

Further, significant (F(8,146) = 9.750, p < 0.001, Wilks’

Λ = .425, partial g2 = .348) group differences were

observed in global GMV, WMV, ICV, and TBV, and CSF

volume (Table 2). The DMDd group showed smaller

global ICV (p < 0.01), TBV (p < 0.001), GMV

(p < 0.001), and WMV (p < 0.01), and higher CSF vol-

ume (p = 0.001) compared to the control group.

Moreover, the DMDd group had smaller TBV

(p < 0.05) and GMV (p < 0.05) compared to the DMDi

group. In contrast, the DMDi group showed no volumet-

ric differences compared with the control group (Fig. 3).

Including ICV as a covariate in the analysis did not affect

the results. Analyses with only the DMDi (n = 12) partic-

ipants of whom corticosteroid history was available in the

medical records did not alter the conclusions.

Discussion

The present study aimed to examine the effects of differ-

ent corticosteroid regimens on brain volumetrics in indi-

viduals with DMD, revealing more pronounced

alterations in brain morphology in patients receiving daily

corticosteroid treatment compared to those treated inter-

mittently. This is demonstrated by voxel-based morphom-

etry analyses which showed a diffuse pattern of regional

GM alterations in DMD patients receiving daily cortico-

steroid treatment, while those treated with an intermittent

regimen exhibited regional variations in GMV within spe-

cific brain regions. Notably, only the DMD patients

receiving daily treatment showed significant volumetric

differences in global GMV, WMV, and CSF volume com-

pared to the other groups.

To the best of our knowledge, this is the first study to

examine the effect of different corticosteroid regimens on

brain volumetrics in patients with DMD. However,

numerous studies in other populations have demonstrated

an association between exposure to high corticosteroid

levels, either endogenous due to Cushing’s disease or

exogenous due to systemic corticosteroid treatment, and

global cerebral atrophy, cortical thinning, and volumetric

changes in specific brain regions.29,30,47,48 While most of

this research has been conducted in adults, a few studies

have investigated the impact of corticosteroid treatment

on the developing brain in children and found reduced

cortical GMV in children treated with daily

Table 1. Clinical and demographical characteristics.

Characteristic Control DMDd DMDi

No. of participants 40 20 20

Age, yeara 13.0 � 2.4 13.2 � 3.2 13.0 � 3.1

Age range, year 9.0–18.0 9.5–18.9 9.1–18.3

Scan site, Leuven/Leiden 20/20 20/0 0/20

Wheelchair bound – 6 13

Age at start of corticosteroid

treatment, yeara
– 6.4 � 2.1 6.6 � 2.0

Duration of corticosteroid

treatment, monthsa
– 81 � 30 79 � 35

Mutation upstream of exon

45

– 6 9

DMD, Duchenne muscular dystrophy; DMDd, treated with daily defla-

zacort; DMDi, treated with 10 days on/10 days of prednisone.
aData are presented as mean with standard deviation.
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corticosteroids for epilepsy, rheumatic or nephrotic

diseases.25–28 However, it is important to note that the

treatment duration for these conditions typically ranges

from weeks to months, whereas individuals with DMD

receive corticosteroid treatment starting from an early age

(4–5 years) continuing into adulthood, resulting in a

much longer treatment duration. In addition to GMV

loss, recent research has suggested that corticosteroid

exposure may impact WM tissue as it affects the prolifer-

ation of oligodendrocytes and the structure of myelin.49

This may be particularly relevant given that we observed

reductions in both GMV and WMV in patients who

received daily corticosteroid treatment.

As they have similar pharmacokinetic properties, both

deflazacort and prednisone cross the blood–brain barrier

and bind to mineralocorticoid (MR) and glucocorticoid

(GR) receptors in the brain.50,51 Due to chronic cortico-

steroid exposure, patients treated daily will have a

continuous overaction of GR-mediated processes, whereas

MR-mediated processes may be relatively underactivated,

Figure 2. Results of gray matter (GM) voxel-based morphometry (VBM). (A) Brain regions expressing lower (red-yellow) or higher (blue) GMV in

the DMDd group compared with controls; (B) brain regions expressing lower (red-yellow) or higher (blue) GMV in the DMDi group compared with

controls; (C) brain regions expressing lower (red-yellow) or higher (blue) GMV in DMDd group compared with the DMDi group. (p < 0.05, TFCE-

corrected).
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given that synthetic corticosteroids have a relatively lower

potency at the MR than endogenous cortisol.52 In addi-

tion, daily corticosteroid treatment is expected to chroni-

cally suppress cortisol levels, which leads to a chronic

inhibition of cortisol-induced natural hormonal processes.

In contrast, patients who receive intermittent treatment

likely experience periods of low cortisol levels immedi-

ately after stopping exogenous corticosteroids, followed

by a few days in which natural cortisol production

resumes. These hormonal fluctuations may contribute to

the mitigation of side effects, which have been shown to

be less severe in intermittently treated DMD patients. In

order to test this hypothesis, future studies could monitor

natural cortisol levels to assess associations with clinical

outcomes. In addition, intermittently treated patients

should not experience continuous overactivation of the

GR, the receptor that is most ubiquitously expressed in

the brain, the preferred target of both prednisone and

deflazacort, and the receptor that is linked to detrimental

glucocorticoid effects on brain structure and function.

Thus, the dose regimens may play a role in the observed

group differences because of different corticosteroid-

related cerebral effects and differences in interfering with

cortisol-induced brain maturation processes such as

synaptogenesis, pruning, and myelination.25

A similar interference with developmental processes is

demonstrated by studies comparing the physical outcomes

of different corticosteroid regimens in DMD, showing

that daily administration leads to slowing of growth and

delayed puberty induction.5,53 In general, daily corticoste-

roid treatment is associated with more severe side effects

compared to intermittent dosing such as weight gain,

osteoporosis, cushingoid features, and behavioral

changes.4,5,53 However, patients treated daily also appear

to experience slower functional decline compared to

intermittently treated patients.5

Table 2. Absolute brain volumes of the control, DMDd, and DMDi

group.

Characteristic

Control

(N = 40)

DMDd

(N = 20)

DMDi

(N = 20)

Intracranial, cm3 1490 � 104 1358a,b � 71 1479b � 148

Total brain, cm3 1272 � 87 1094a,b � 69 1259b � 123

Gray matter, cm3 714 � 47 614a,b � 56 694b � 56

White matter, cm3 558 � 52 480a � 34 564 � 73

CSF, cm3 218 � 31 264a � 35 220 � 36

Data are presented as mean with standard deviation.

CSF, cerebrospinal fluid; DMD, Duchenne muscular dystrophy; DMDd,

treated with daily deflazacort; DMDi, treated with 10 days on/10 days

off prednisone.
aSignificant difference with control group after multiple comparison

correction.
bSignificant difference with other DMD-group after multiple compari-

son correction.

Figure 3. Boxplots of structural brain volumes compared by group. Results of the between-group post hoc analyses with Bonferroni correction

are displayed for gray matter volume (A), white matter volume (B), and cerebrospinal fluid volume (C). Volumes are presented in cm3. *p < 0.05;

**p < 0.01; ***p ≤ 0.001.
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Previous studies have demonstrated differences in

GMV and WMV between individuals with DMD and

healthy controls indicating a DMD-specific and thus

dystrophin-driven cerebral effect. However, none of these

studies have specifically investigated corticosteroid treat-

ment as a potential confounding variable contributing to

deviant brain parameters. For instance, Preethish-Kumar

et al.14 examined WM integrity in two groups of DMD

patients with different mutation sites but did not provide

details about the specific corticosteroid dosing regimen

(daily or intermittent) or its impact on the observed dif-

ferences. Doorenweerd et al.12 discussed the potential role

of corticosteroid treatment on their results but included

only small subgroups and therefore did not perform sepa-

rate analyses. Even though we reanalyzed part of the same

dataset of that paper in the current study, slightly differ-

ent results were obtained. Similar findings were observed

in terms of regional GMV differences using VBM, but

this was not the case for global GM and WM quantified

volumetrics. This may be attributed to several methodo-

logical differences. First, the present study included only

patients treated intermittently who had an age-match

within the daily treated group, resulting in a smaller sam-

ple size (two-thirds) compared to the historic dataset,

thereby potentially reducing the statistical power to detect

group differences. Second, in contrast with the historic

study, the current study implemented preprocessing tech-

niques such as bias field correction, intensity inhomoge-

neity correction, and registration and normalization to a

standard template. These preprocessing steps are required

to enable comparisons across groups scanned at different

locations,54 but the interindividual averaging can result in

the loss of fine anatomical details, leading to different

results on volumetric outcomes.55 Despite the methodo-

logical discrepancies between the current study and the

historic study, the present findings were consistent in

demonstrating subtle regional GMV alterations.

Our study contributes to recent research that focuses

on a better understanding of the brain development and

function in individuals with DMD.13 Brain involvement

has been demonstrated in DMD, but as many patients

receive chronic high doses of corticosteroids starting from

a young age, disentangling the impact of corticosteroid-

induced cerebral effects from DMD-specific brain

comorbidities is difficult. Our findings indicate that corti-

costeroid exposure and regimen should be considered in

future DMD brain studies. The results emphasize the

importance of investigating brain, cognitive and behav-

ioral parameters in future clinical trials testing new corti-

costeroid treatment strategies.

In light of promising new therapeutic strategies and the

recent approval of gene therapy for DMD, the role of cor-

ticosteroids in this population may evolve. However, it is

likely that corticosteroids will continue to be a part of the

treatment approach for DMD patients, especially for

those who are not eligible for certain therapies based on

their genetic mutations. Therefore, ongoing research

aimed at mitigating the side effects of corticosteroid use

remains of significant clinical importance.

Several limitations should be considered when inter-

preting the findings of our study. First, as already dis-

cussed, daily corticosteroid regimens are linked to more

profound effects on growth and physical maturation, but

due to incomplete clinical data, our study could not

investigate how this is reflected in our results. Group dif-

ferences in developmental stages could be of influence on

our outcomes, and therefore it is recommended for future

studies to include physical parameters, such as height,

bone age, and Tanner stage, together with cumulative

corticosteroid doses to investigate how these factors are

linked with each other and with brain volumetrics. Pro-

spective, longitudinal studies could be of great value in

order to investigate if and in which way corticosteroid

treatment interferes with brain maturation in DMD

patients. The present study examines two distinct cortico-

steroid regimens. However, future prospective investiga-

tions may expand this research by incorporating other

frequently employed regimens to assess the impact of var-

ious corticosteroid dosing schedules on brain maturation

in individuals with DMD.

Second, patients within a wide age range (9–18 years)

were included. Volumetric changes in different brain

regions are normal during human development, with

GMV decreasing and WMV increasing during adoles-

cence. The individual developmental rate varies greatly

between individuals in the general population, which

complicates cross-sectional comparisons in relatively small

cohorts.56 Finally, our study design and sample size did

not allow to investigate relations between brain parame-

ters and other variables such as mutation site, cognitive

abilities, and behavioral outcomes.

In conclusion, our findings indicate that brain volu-

metrics are more profoundly affected in patients treated

with a daily corticosteroid regimen than in those treated

intermittently. Moreover, our study highlights the impor-

tance of considering the potential impact of different cor-

ticosteroid regimens on brain volumetrics in patients with

DMD. Future research is needed to elucidate the underly-

ing mechanisms driving these observed differences in

brain volumetrics, in order to develop more targeted and

effective treatments for DMD patients.

Acknowledgments

We genuinely thank all participants for contributing to

this study. This research project was supported financially

2330 ª 2023 The Authors. Annals of Clinical and Translational Neurology published by Wiley Periodicals LLC on behalf of American Neurological Association.

Corticosteroid regimens & brain volumetrics in DMD S. Geuens et al.

 23289503, 2023, 12, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/acn3.51922 by C

ochrane N
etherlands, W

iley O
nline L

ibrary on [29/01/2024]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



by Duchenne Parent Project Netherlands, the Rondou

Fund and the Kan-Go! Fund, KU Leuven. This work is

generated within the European Reference Network for

Rare Neuromuscular Diseases ERN EURO-NMD; Project

ID No. 739543.

Author Contributions

SG, EHN, HEK, JL, NG, ND, and LDW were involved in

the conception and design of the study. SG, JVD, JL, RG,

NAI, HEK, and ND were involved in the acquisition and

analysis of the data. SG, JVD, JL, RG, OCM, EHN, HEK,

NG, ND, and LDW played an important role in the inter-

pretation of the results. SG, JL, ND, and LDW drafted a

significant proportion of the manuscript. All authors

reviewed the final manuscript.

Conflict of Interest

No conflict of interest was reported.

References

1. Deenen JC, Horlings CG, Verschuuren JJ, Verbeek AL, van

Engelen BG. The epidemiology of neuromuscular

disorders: a comprehensive overview of the literature. J

Neuromuscul Dis. 2015;2(1):73-85.

2. Birnkrant DJ, Bushby K, Bann CM, et al. Diagnosis and

management of Duchenne muscular dystrophy, part 1:

diagnosis, and neuromuscular, rehabilitation, endocrine,

and gastrointestinal and nutritional management. Lancet

Neurol. 2018;17(3):251-267.

3. Sun C, Shen L, Zhang Z, Xie X. Therapeutic strategies for

Duchenne muscular dystrophy: an update. Genes (Basel).

2020;11(8):837.

4. Matthews E, Brassington R, Kuntzer T, Jichi F, Manzur

AY. Corticosteroids for the treatment of Duchenne

muscular dystrophy. Cochrane Database Syst Rev. 2016

May;5(5):CD003725.

5. Guglieri M, Bushby K, McDermott MP, et al. Effect of

different corticosteroid dosing regimens on clinical

outcomes in boys with Duchenne muscular dystrophy: a

randomized clinical trial. JAMA. 2022;327(15):1456-1468.

6. Doorenweerd N, Mahfouz A, van Putten M, et al. Timing

and localization of human dystrophin isoform expression

provide insights into the cognitive phenotype of Duchenne

muscular dystrophy. Sci Rep. 2017;7(1):12575.

7. Darmahkasih AJ, Rybalsky I, Tian C, et al.

Neurodevelopmental, behavioral, and emotional symptoms

common in Duchenne muscular dystrophy. Muscle Nerve.

2020;61(4):466-474.

8. Ricotti V, Mandy WP, Scoto M, et al.

Neurodevelopmental, emotional, and behavioural

problems in Duchenne muscular dystrophy in relation to

underlying dystrophin gene mutations. Dev Med Child

Neurol. 2016;58(1):77-84.

9. Pane M, Lombardo ME, Alfieri P, et al. Attention deficit

hyperactivity disorder and cognitive function in Duchenne

muscular dystrophy: phenotype-genotype correlation. J

Pediatr. 2012;161(4):705-709.e1.

10. Thangarajh M, Hendriksen J, McDermott MP, et al.

Relationships between DMD mutations and

neurodevelopment in dystrophinopathy. Neurology.

2019;93(17):e1597-e1604.

11. Weerkamp PM, Mol EM, Sweere DJ, et al. Wechsler scale

intelligence testing in males with dystrophinopathies: a

review and meta-analysis. Brain Sci. 2022;12(11):1544.

12. Doorenweerd N, Straathof CS, Dumas EM, et al. Reduced

cerebral gray matter and altered white matter in boys with

Duchenne muscular dystrophy. Ann Neurol. 2014;76

(3):403-411.

13. Doorenweerd N. Combining genetics, neuropsychology and

neuroimaging to improve understanding of brain

involvement in Duchenne muscular dystrophy - a narrative

review. Neuromuscul Disord. 2020;30(6):437-442.

14. Preethish-Kumar V, Shah A, Kumar 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):1271-1278.

15. Preethish-Kumar V, Shah A, Polavarapu K, et al.

Disrupted structural connectome and neurocognitive

functions in Duchenne muscular dystrophy: classifying

and subtyping based on Dp140 dystrophin isoform. J

Neurol. 2022;269(4):2113-2125.

16. Lee JS, Pfund Z, Juhasz C, et al. Altered regional brain

glucose metabolism in Duchenne muscular dystrophy: a

pet study. Muscle Nerve. 2002;26(4):506-512.

17. Kreis R, Wingeier K, Vermathen P, et al. Brain metabolite

composition in relation to cognitive function and

dystrophin mutations in boys with Duchenne muscular

dystrophy. NMR Biomed. 2011;24(3):253-262.

18. Doorenweerd N, Dumas EM, Ghariq E, et al. Decreased

cerebral perfusion in Duchenne muscular dystrophy

patients. Neuromuscul Disord. 2017;27(1):29-37.

19. Mori-Yoshimura M, Aizawa K, Shigemoto Y, et al. Frontal

lobe-dominant cerebral blood flow reduction and atrophy

can be progressive in Duchenne muscular dystrophy.

Neuromuscul Disord. 2022;32(6):477-485.

20. Hendriksen JGM, Thangarajh M, Kan HE, Muntoni F,

ENMC 249th Workshop Study Group. 249th ENMC

International Workshop: the role of brain dystrophin in

muscular dystrophy: implications for clinical care and

translational research, Hoofddorp, The Netherlands,

November 29th-December 1st 2019. Neuromuscul Disord.

2020;30(9):782-794.

21. Jo€els M, Krugers HJ, Lucassen PJ, Karst H. Corticosteroid

effects on cellular physiology of limbic cells. Brain Res.

2009;1293:91-100.

ª 2023 The Authors. Annals of Clinical and Translational Neurology published by Wiley Periodicals LLC on behalf of American Neurological Association. 2331

S. Geuens et al. Corticosteroid regimens & brain volumetrics in DMD

 23289503, 2023, 12, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/acn3.51922 by C

ochrane N
etherlands, W

iley O
nline L

ibrary on [29/01/2024]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



22. De Kloet ER, Vreugdenhil E, Oitzl MS, Jo€els M. Brain

corticosteroid receptor balance in health and disease.

Endocr Rev. 1998;19(3):269-301.

23. Nishi M, Kawata M. Dynamics of glucocorticoid receptor

and mineralocorticoid receptor: implications from live cell

imaging studies. Neuroendocrinology. 2007;85(3):186-192.

24. Amaya JM, Suidgeest E, Sahut-Barnola I, et al. Effects of

long-term endogenous corticosteroid exposure on brain

volume and glial cells in the AdKO mouse. Front

Neurosci. 2021;15:604103.

25. Damsted SK, Born AP, Paulson OB, Uldall P. Exogenous

glucocorticoids and adverse cerebral effects in children.

Eur J Paediatr Neurol. 2011;15(6):465-477.

26. Holm SK, Madsen KS, Vestergaard M, et al. Previous

glucocorticoid treatment in childhood and adolescence is

associated with long-term differences in subcortical grey

matter volume and microstructure. Neuroimage Clin.

2019;23:101825.

27. Holm SK, Madsen KS, Vestergaard M, et al. Total brain,

cortical, and white matter volumes in children previously

treated with glucocorticoids. Pediatr Res. 2018;83(4):

804-812.

28. Holm SK, Vestergaard M, Madsen KS, et al. Children and

adolescents previously treated with glucocorticoids display

lower verbal intellectual abilities. Acta Paediatr. 2015;104(8):

784-791.

29. van der Meulen M, Amaya JM, Dekkers OM, Meijer OC.

Association between use of systemic and inhaled

glucocorticoids and changes in brain volume and white

matter microstructure: a cross-sectional study using data

from the UK biobank. BMJ Open. 2022;12(8):e062446.

30. Brown ES, Woolston DJ, Frol A, et al. Hippocampal

volume, spectroscopy, cognition, and mood in patients

receiving corticosteroid therapy. Biol Psychiatry. 2004;55(5):

538-545.

31. Brown ES, Rush AJ, McEwen BS. Hippocampal

remodeling and damage by corticosteroids: implications

for mood disorders. Neuropsychopharmacology. 1999;21(4):

474-484.

32. Brown ES, Woolston DJ, Frol AB. Amygdala volume in

patients receiving chronic corticosteroid therapy. Biol

Psychiatry. 2008;63(7):705-709.

33. Nguyen DM, Yassa MA, Tustison NJ, et al. The

relationship between cumulative exogenous corticosteroid

exposure and volumes of hippocampal subfields and

surrounding structures. J Clin Psychopharmacol. 2019;39(6):

653-657.

34. Judd LL, Schettler PJ, Brown ES, et al. Adverse

consequences of glucocorticoid medication: psychological,

cognitive, and behavioral effects. Am J Psychiatry.

2014;171(10):1045-1051.

35. Van Dessel J, Sonuga-Barke E, Moerkerke M, et al. The

amygdala in adolescents with attention-deficit/

hyperactivity disorder: structural and functional correlates

of delay aversion. World J Biol Psychiatry. 2020;21(9):

673-684.

36. Jenkinson M, Beckmann CF, Behrens TE, Woolrich MW,

Smith SM. FSL. Neuroimage. 2012;62(2):782-790.

37. Smith SM, Jenkinson M, Woolrich MW, et al. Advances

in functional and structural MR image analysis and

implementation as FSL. Neuroimage. 2004;23(Suppl 1):

S208-S219.

38. Woolrich MW, Jbabdi S, Patenaude B, et al. Bayesian

analysis of neuroimaging data in FSL. Neuroimage.

2009;45(1 Suppl):S173-S186.

39. Jenkinson M, Bannister P, Brady M, Smith S. Improved

optimization for the robust and accurate linear

registration and motion correction of brain images.

Neuroimage. 2002;17(2):825-841.

40. Jenkinson M, Smith S. A global optimisation method for

robust affine registration of brain images. Med Image

Anal. 2001;5(2):143-156.

41. Andersson J, Jenkinson M, Smith S. Non-linear

registration, aka spatial normalisation. FMRIB technical

report TR07JA2 2010.

42. Smith SM. Fast robust automated brain extraction. Hum

Brain Mapp. 2002;17(3):143-155.

43. Zhang Y, Brady M, Smith S. Segmentation of brain MR

images through a hidden Markov random field model and

the expectation-maximization algorithm. IEEE Trans Med

Imaging. 2001;20(1):45-57.

44. Douaud G, Smith S, Jenkinson M, et al. Anatomically

related grey and white matter abnormalities in adolescent-

onset schizophrenia. Brain. 2007;130(Pt 9):2375-2386.

45. Good CD, Johnsrude IS, Ashburner J, Henson RN, Friston

KJ, Frackowiak RS. A voxel-based morphometric study of

ageing in 465 normal adult human brains. Neuroimage.

2001;14(1 Pt 1):21-36.

46. IBM Corp. IBM SPSS Statistics. IBM Corp; 2021.

47. Bauduin S, van der Pal Z, Pereira AM, et al. Cortical

thickness abnormalities in long-term remitted Cushing’s

disease. Transl Psychiatry. 2020;10(1):293.

48. Bauduin S, van der Wee NJA, van der Werff SJA.

Structural brain abnormalities in Cushing’s syndrome.

Curr Opin Endocrinol Diabetes Obes. 2018;25(4):285-289.

49. Miguel-Hidalgo JJ, Carter K, Deloach PH, Sanders L, Pang Y.

Glucocorticoid-induced reductions of myelination and

Connexin 43 in mixed central nervous system cell cultures are

prevented by mifepristone. Neuroscience. 2019;411:255-269.

50. Gloss D, Moxley RT 3rd, Ashwal S, Oskoui M. Practice

guideline update summary: corticosteroid treatment of

Duchenne muscular dystrophy: report of the guideline

development Subcommittee of the American Academy of

Neurology. Neurology. 2016;86(5):465-472.

51. Hoffman EP, Reeves E, Damsker J, et al. Novel approaches

to corticosteroid treatment in Duchenne muscular

dystrophy. Phys Med Rehabil Clin N Am. 2012;23(4):

821-828.

2332 ª 2023 The Authors. Annals of Clinical and Translational Neurology published by Wiley Periodicals LLC on behalf of American Neurological Association.

Corticosteroid regimens & brain volumetrics in DMD S. Geuens et al.

 23289503, 2023, 12, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/acn3.51922 by C

ochrane N
etherlands, W

iley O
nline L

ibrary on [29/01/2024]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



52. Grossmann C, Scholz T, Rochel M, et al. Transactivation

via the human glucocorticoid and mineralocorticoid

receptor by therapeutically used steroids in CV-1 cells: a

comparison of their glucocorticoid and mineralocorticoid

properties. Eur J Endocrinol. 2004;151(3):397-406.

53. Bello L, Gordish-Dressman H, Morgenroth LP, et al.

Prednisone/prednisolone and deflazacort regimens in the

CINRG Duchenne natural history study. Neurology.

2015;85(12):1048-1055.

54. Despotovic I, Goossens B, Philips W. MRI segmentation

of the human brain: challenges, methods, and applications.

Comput Math Methods Med. 2015;2015:450341.

55. Aribisala BS, He J, Blamire AM. Comparative study of

standard space and real space analysis of quantitative

MR brain data. J Magn Reson Imaging. 2011;33(6):

1503-1509.

56. Bethlehem RAI, Seidlitz J, White SR, et al. Brain charts for

the human lifespan. Nature. 2022;604(7906):525-533.

ª 2023 The Authors. Annals of Clinical and Translational Neurology published by Wiley Periodicals LLC on behalf of American Neurological Association. 2333

S. Geuens et al. Corticosteroid regimens & brain volumetrics in DMD

 23289503, 2023, 12, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/acn3.51922 by C

ochrane N
etherlands, W

iley O
nline L

ibrary on [29/01/2024]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense


	 Abstract
	 Introduction
	 Methodology
	 Participants
	 Demographic and clinical information
	 MRI protocol
	 Structural analysis
	 Statistical analysis
	acn351922-fig-0001

	 Results
	 Participants
	 Brain structure

	 Discussion
	acn351922-fig-0002
	acn351922-fig-0003

	 Acknowledgments
	 Author Contributions
	 Conflict of Interest
	 References
	acn351922-bib-0001
	acn351922-bib-0002
	acn351922-bib-0003
	acn351922-bib-0004
	acn351922-bib-0005
	acn351922-bib-0006
	acn351922-bib-0007
	acn351922-bib-0008
	acn351922-bib-0009
	acn351922-bib-0010
	acn351922-bib-0011
	acn351922-bib-0012
	acn351922-bib-0013
	acn351922-bib-0014
	acn351922-bib-0015
	acn351922-bib-0016
	acn351922-bib-0017
	acn351922-bib-0018
	acn351922-bib-0019
	acn351922-bib-0020
	acn351922-bib-0021
	acn351922-bib-0022
	acn351922-bib-0023
	acn351922-bib-0024
	acn351922-bib-0025
	acn351922-bib-0026
	acn351922-bib-0027
	acn351922-bib-0028
	acn351922-bib-0029
	acn351922-bib-0030
	acn351922-bib-0031
	acn351922-bib-0032
	acn351922-bib-0033
	acn351922-bib-0034
	acn351922-bib-0035
	acn351922-bib-0036
	acn351922-bib-0037
	acn351922-bib-0038
	acn351922-bib-0039
	acn351922-bib-0040
	acn351922-bib-0041
	acn351922-bib-0042
	acn351922-bib-0043
	acn351922-bib-0044
	acn351922-bib-0045
	acn351922-bib-0046
	acn351922-bib-0047
	acn351922-bib-0048
	acn351922-bib-0049
	acn351922-bib-0050
	acn351922-bib-0051
	acn351922-bib-0052
	acn351922-bib-0053
	acn351922-bib-0054
	acn351922-bib-0055
	acn351922-bib-0056


