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Duchenne muscular dystrophy (DMD) is a progressive X-linked neuromuscular disor-

der caused by the absence of functional dystrophin protein. In addition to muscle,

dystrophin is expressed in the brain in both neurons and glial cells. Previous studies

have shown altered white matter microstructure in patients with DMD using diffu-

sion tensor imaging (DTI). However, DTI measures the diffusion properties of water,

a ubiquitous molecule, making it difficult to unravel the underlying pathology.

Diffusion-weighted spectroscopy (DWS) is a complementary technique which mea-

sures diffusion properties of cell-specific intracellular metabolites. Here we per-

formed both DWS and DTI measurements to disentangle intra- and extracellular

contributions to white matter changes in patients with DMD. Scans were conducted

in patients with DMD (15.5 ± 4.6 y/o) and age- and sex-matched healthy controls

(16.3 ± 3.3 y/o). DWS measurements were obtained in a volume of interest (VOI)

positioned in the left parietal white matter. Apparent diffusion coefficients (ADCs)

were calculated for total N-acetylaspartate (tNAA), choline compounds (tCho), and

total creatine (tCr). The tNAA/tCr and tCho/tCr ratios were calculated from the non-

diffusion-weighted spectrum. Mean diffusivity (MD), radial diffusivity (RD), axial dif-

fusivity (AD), and fractional anisotropy of water within the VOI were extracted from

DTI measurements. DWS and DTI data from patients with DMD (respectively n = 20

and n = 18) and n = 10 healthy controls were included. No differences in metabolite

ADC or in concentration ratios were found between patients with DMD and con-

trols. In contrast, water diffusion (MD, t = �2.727, p = 0.011; RD, t = �2.720,

p = 0.011; AD, t = �2.715, p = 0.012) within the VOI was significantly higher in

patients compared with healthy controls. Taken together, our study illustrates the

potential of combining DTI and DWS to gain a better understanding of microstruc-

tural changes and their association with disease mechanisms in a clinical setting.

Abbreviations: AD, axial diffusivity; ADC, apparent diffusion coefficient; AQP4, acquaporin-4 water channel; BET, Brain Extraction Tool; CRLB, Cramér–Rao lower bound; DMD, Duchenne

muscular dystrophy; DTI, diffusion tensor imaging; DWS, diffusion-weighted spectroscopy; FA, fractional anisotropy; FAST, FMRIB's automated segmentation tool; FSL, FMRIB Software Library;

FWHM, full-width at half-maximum; GLM, general linear model; GPC, glycerophosphocholine; HC, healthy control; MD, mean diffusivity; NAA, N-acetylaspartate; NAAG, N-acetyl-aspartyl-

glutamate; n/a, not applicable; RD, radial diffusivity; PRESS, point resolved spectroscopy; SNR, signal-to-noise ratio; tCho, choline compounds; tCr, total creatine; TE, echo time; tNAA, total NAA;

TR, repetition time; VOI, volume of interest.
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1 | INTRODUCTION

Duchenne muscular dystrophy (DMD) is a hereditary recessive X-linked neuromuscular disorder caused by mutations in the dystrophin-encoding

DMD gene. Dystrophin is expressed in numerous tissues in the body, including muscle and brain. DMD is characterized by progressive muscle

weakness. Common early symptoms of DMD include difficulty standing and walking, followed by wheelchair dependence around 12 years of age.

Eventually, DMD will lead to a premature death around the age of 30 due to respiratory failure or cardiomyopathy. In addition to muscular

symptoms, a subset of patients with DMD present with cognitive, emotional, learning, and behavioural complaints.1–8

The DMD gene encodes for multiple dystrophin isoforms, of which Dp427, Dp140, Dp71, and Dp40 are expressed in the brain.9–16 As DMD

is caused by mutations within the DMD gene, the site of the mutation can result in the absence of one or more dystrophin isoforms.

Approximately 50% of patients with DMD have a mutation only affecting Dp427, and 48% also lack Dp140. Patients missing all isoforms

represent 1%–2% of the population. The different isoforms in DMD are associated with different cell types: Dp427 with neurons and Dp140

and/or Dp71 with astrocytes.17,18 Roles of these isoforms in early development and axonal guidance (Dp140) or in cerebral vasculature and

pericytes (Dp71) have been proposed. However, the effect of dystrophin absence on these processes has not yet been investigated.19–21 In

addition, there is further evidence for an important role for astrocytes with the study of induced pluripotent stem cells from patients with

DMD,21 where all DMD astrocytes tested displayed altered morphology, altered proliferative activity, and decreased aquaporin-4 water channel

(AQP4) expression. Due to the different cellular expressions of these isoforms, the neuronal compartment is hypothesized to be affected in all

DMD patients, and the glial compartment to be additionally affected in half of the patients.

Previous MRI studies showed an overall decreased grey matter volume on T1-weighted images and reduced cerebral blood flow on perfusion

images in the DMD brain.22,23 Bioenergetic changes, such as an increase in inorganic phosphate to adenosine triphosphate ratio, were previously

reported in young DMD boys using 31P MRS.24 Studies using 1H MRS focused on changes in N-acetylaspartate (NAA) and choline compounds

(tCho), markers of neurons and glial metabolism, respectively.25–27 While one study showed a significant increase in the ratio of tCho/NAA in the

left cerebellum and no changes in the left frontal lobe of DMD patients,28 another study showed no changes in various brain regions, including

cerebellum.29 Diffusion tensor imaging (DTI) studies showed decreased fractional anisotropy (FA) and increased mean diffusivity (MD), indicating

altered white matter microstructure.30,31 However, the underlying process by which the absence of dystrophin results in altered microstructure

remains unclear. DTI only probes the diffusion of water, which is a ubiquitous marker that is present in all compartments.25 By contrast, diffusion-

weighted spectroscopy (DWS) can probe the diffusion properties of brain metabolites, which are compartment- and cell-specific endogenous

markers.25–27 To the best of our knowledge, no previous studies have investigated changes in brain metabolite diffusion in the brain of DMD

patients.

This study investigated the intra- versus extracellular contribution to white matter differences seen in patients with DMD. To this end, DWS

and DTI measurements were combined within the same volume of interest (VOI).

2 | METHODS

2.1 | Participants

Two cross-sectional studies were performed in collaboration between Leiden University Medical Center (Leiden, The Netherlands) and Newcastle

University (Newcastle upon Tyne, UK). The studies were approved by the local medical ethical committees. Written informed consent was

obtained from all participants and/or their legal guardians prior to the study. Patients with DMD were recruited from patient registries, local

clinics, and flyers. Inclusion criteria were a genetically confirmed DMD diagnosis, being over 8 years old, and having the ability to lie supine for at

least 30 min. As a classification of muscle function to indicate the stage of the disease, the Brooke scale for upper extremity function and Vignos

scale for lower extremity function were assessed.32 Wheelchair bound was defined as not being able to walk for 10 m without support. Healthy

controls were recruited through flyers at local schools and sports clubs. MRI contraindications were exclusion criteria for all.

No stratification was performed for corticosteroid schedules or other medication use. Patients were not selected for mutation type or

cognitive problems to acquire a random sample of the genetic and neurocognitive phenotypes. Dystrophin isoform expression was derived for all

patients with DMD from the pre-established mutation in the DMD gene. A proximal mutation was defined as upstream of intron 44, affecting the

full-length dystrophin isoform Dp427. A distal mutation was defined as downstream of exon 50, affecting Dp427, Dp140, and in some cases even

Dp71.33
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2.2 | MR data acquisition

At both study sites, scans were obtained using a 3 T MRI scanner (Philips Achieva, Best, The Netherlands), using an eight-channel head coil, identi-

cal scanning protocol, and software versions 3.2.3 and 5.1.7 for the NL and UK, respectively.

3D T1-weighted scans (echo time/repetition time (TE/TR) 4.6/9.8 ms; spatial resolution 1.17 � 0.92 � 1.17 mm; 4 min 55 s) were obtained for

anatomical reference and used for planning the VOI for DWS. A 30 � 20 � 15 mm3 VOI was positioned in the parietal left white matter (see

Figure 1). The position of the VOI was based on previous DTI results showing increased MD in this area,23 as well as the practical consideration of

consistently obtaining predominantly white matter content of a large VOI. DWS data were acquired with (24 signal averages) and without (2 signal

averages) water suppression and using a cardiac-triggered diffusion-weighted PRESS sequence (TE = 125 ms, TR = 2 cardiac cycles; Δ/δ = 73/27 ms;

b = 0 and b = 3765 mm2/s; three orthogonal diffusion directions; total acquisition time 3 min 44 s, Table S1).25 DTI scans (TE/TR 59/9440 ms; spatial

resolution 1.96 � 2 � 2 mm3; 32 directions, b = 0 and b = 1000 s/mm2; 6 min 40 s) were obtained to determine water diffusion properties.

2.3 | Data processing

2.3.1 | Anatomical images (T1)

T1-weighted images were segmented into probabilistic tissue maps for cerebrospinal fluid (CSF), grey matter, and white matter using the the

FMRIB Software Library (FSL) Brain Extraction Tool (BET)34 and the FMRIB's automated segmentation tool (FAST).35, 36 A custom-made

MATLAB routine (MathWorks, Natick, MA, USA) was then used to align the DWS VOI on the tissue map, and used to extract the volume fraction

of each tissue type within the VOI.

2.3.2 | Metabolite diffusion (DWS)

Spectral processing

Processing of the DWS data was conducted with a custom-made MATLAB routine. Spectra were corrected for zero-order phasing, individual

phase and frequency drift based on residual water, and eddy currents based on non-water-suppressed data. Individual spectra were

F IGURE 1 Placement of the VOI overlaid on the FA map and an example of a fitted non-diffusion-weighted spectrum. A, Illustration of an
overlaid T1 image, a DTI colour-coded FA map, and the placement of the VOI (red box) of the DWS scan. B, Example of a fitted non-DW
spectrum in LCModel for an HC. Shown are three individual metabolite fits, for tNAA, tCr, and tCho.
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retrospectively rejected to filter out outliers due to poor cardiac triggers. Spectra were averaged, resulting in four spectra (one b = 0 and three

directions with b = 3765 mm2/s).

Spectra were analysed with LCModel37 and using a MATLAB-generated basis set using the density matrix formalism.38 The basis set was

simulated for the point resolved spectroscopy (PRESS) sequence with TE = 125 ms, identical to our acquisition. Simulations were performed using

infinitely short hard pulse, namely ideal or impulse RF pulse, meaning that we assumed no time evolution during the pulses. We used known

chemical shifts and J-coupling constants of the proton resonances of the metabolites.38 The basis set included a total of 19 metabolites: alanine,

aspartate, choline, creatine, GABA, glucose, glutamine, glutamate, glycerophosphocholine (GPC), glutathione, myo-inositol, lactate,

phosphocreatine, phosphocholine, phosphoethanolamine, NAA, N-acetylaspartylglutamate, taurine, and scyllo-inositol.25 We did not include any

macromolecules due to our long TE. Spectral quality was deemed sufficient if signal-to-noise ratio (SNR) was greater than 6, full-width at

half-maximum (FWHM) for NAA was less than 3.83 Hz, and Cramér–Rao lower bounds (CRLBs) were less than 6% for NAA and less than 10% for

choline and creatine. We could reliably measure the signal of total NAA (tNAA = NAA + N-acetyl-aspartyl-glutamate (NAAG)), tCho

(tCho = choline + phosphocholine + GPC), and total creatine (tCr = creatine + phosphocreatine).

Quantification of metabolite diffusion

Metabolite apparent diffusion coefficients (ADCs) were calculated for the three orthogonal diffusion directions. Assuming a mono-exponential

decay over our b values the following formula25 is applied:

ADCi ¼�
ln S bð Þi

S 0ð Þ
� �

b
,

where S bð Þi is the measured signal with the DW gradient applied in direction i, and S 0ð Þ is the signal without diffusion weighting. The ADCi

coefficients of all three directions i were finally averaged to obtain the ADC of tNAA, tCho, and tCr. We opted to normalize our metabolite signals,

measured using non-diffusion-weighted spectra, to an internal reference, namely tCr.39 This is based on the assumption that there are no changes

in tCr between healthy controls and DMD patients.

Water diffusion (DTI)

DTI data were pre-processed using ExploreDTI40 and included signal drift, Gibbs ringing, subject motion, eddy current, and echo planar imaging

corrections. DTI data were registered to the 3D T1-weighted image using SPM8. Subsequently, maps of the relevant diffusion metrics (MD, radial

diffusivity (RD), axial diffusivity (AD), and FA) were extracted for each subject using ExploreDTI.40 Using a custom-made MATLAB routine

diffusion metrics within the VOI were extracted.

2.4 | Statistics

The two study sites and between-group differences determined for tissue volume fraction and age were tested to assess the need to include

these as covariates using t-tests. Tissue volume fraction and age did not differ between study sites or between DMD and healthy controls (HCs)

(p > 0.05), and were therefore not included as covariate in further analyses. To account for inter-dependences between metabolites, a multivari-

ate general linear model (GLM) was used to assess the difference in ADCs of tNAA, tCho, and tCr between patients with DMD and HC.

Independent two-tailed sample t-tests were used to assess differences between patients with DMD and HCs in the ratios of tNAA:tCr and

tCho:tCr, as well as MD from DTI. Post hoc testing was performed with independent sample t-tests to assess group differences in RD, AD,

and FA. Results of t-tests and GLM were considered significant at p < 0.05. All statistical tests were carried out using IBM SPSS Version 25.0.

3 | RESULTS

3.1 | Participant characteristics and data inclusion

In this study n = 28 genetically confirmed patients with DMD and n = 17 age- and sex-matched HCs were recruited. From this cohort, DWS data

were available for n = 23 patients with DMD and n = 13 HCs. Data from n = 20 patients with DMD (age 15.5 ± 4.6 years) and n = 10 HC (age

16.3 ± 3.3 years) passed quality control and were included in further analyses. For DTI, scans from another two participants showed severely

warped scans that could not be corrected, and therefore were excluded from DTI analyses. See Table 1 for participant characteristics of the

included patients and Figure 2 for the data inclusions in the study. Tissue volume fraction and age did not differ between study sites or between

DMD and HC (p > 0.05). The VOI placement for all subjects can be found in Figure S1.
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 10991492, 0, D
ow

nloaded from
 https://analyticalsciencejournals.onlinelibrary.w

iley.com
/doi/10.1002/nbm

.5212 by N
ew

castle U
niversity, W

iley O
nline L

ibrary on [24/07/2024]. 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



TABLE 1 Participant characteristics.

DMD Control

Total NL UK Total NL UK

General characteristics

N 20 9 11 10 6 4

Age (years)a 15.5 ± 4.6 15.7 ± 4.5 15.4 ± 5.0 16.3 ± 3.3 16.2 ± 2.6 16.5 ± 4.6

Age (range) 10.6–23.8 10.6–22.8 10.9–23.8 11.8–22.3 11.9–18.9 11.8–22.3

Steroid treatment 19 9 10 n/a n/a n/a

Prednisolone (intermittent) 10 8 2 n/a n/a n/a

Prednisolone (daily) 3 0 3 n/a n/a n/a

Deflazacort (daily) 4 1 3 n/a n/a n/a

Unknown 0 0 2 n/a n/a n/a

White matter fraction (%)a 77.7 ± 9.5 77.9 ± 10.7 77.6 ± 8.9 80.1 ± 9.7 77.4 ± 10.7 84.3 ± 7.4

Wheelchair bound 10 3 7 n/a n/a n/a

Brooke scorea 2.0 ± 1.4 1.4 ± 1.0 2.5 ± 1.6 1.0 ± 0 1.0 ± 0 1.0 ± 0

Vignos scorea 4.8 ± 3.1 3.6 ± 2.3 5.7 ± 3.4 1.0 ± 0 1.0 ± 0 1.0 ± 0

Dystrophin mutation

Proximal, n = 11 6 5 n/a n/a n/a

Distal, n = 6 2 4 n/a n/a n/a

Unclassified, n = 3 1 2 n/a n/a n/a

Abbreviations: DMD, Duchenne muscular dystrophy; N or n, number; n/a, not applicable; NL, Netherlands; UK, United Kingdom.
aData are presented as mean ± SD.

F IGURE 2 Data inclusions for analyses.
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3.2 | Metabolite diffusion (DWS)

Representative DWS spectra at b = 0 and b = 3765 mm2/s are shown in Figure 3. The SNR of the DWS spectra was 18.6 ± 4.1 for the b0 spectra

and 8.4 ± 2.3 for the b3765 spectra. The FWHM of the NAA peak was 3.58 ± 0.89 and 3.96 ± 1.15 Hz for b0 and b3765 spectra, respectively. The

F IGURE 3 Representative examples of an averaged spectrum for an HC (A) and a DMD patient (B), showing tCho, tCr, and tNAA peaks. The
average non-diffusion-weighted spectrum (in black) and the average diffusion-weighted spectra in three directions (in grey) are depicted.

TABLE 2 DWS metabolite ADCs and ratios and DTI diffusivity metrics for patients with DMD and HCs.

n
DMD

n
HC

SignificanceMean ± SD Mean ± SD

ADC

tNAA (μm2/ms) 20 0.165 ± 0.019 10 0.168 ± 0.020 F(1, 29) = 0.221, p = 0.642

tCr (μm2/ms) 20 0.170 ± 0.022 10 0.169 ± 0.023 F(1, 29) = 0.008, p = 0.928

tCho (μm2/ms) 20 0.157 ± 0.037 10 0.138 ± 0.023 F(1, 29) = 2.099, p = 0.129

Metabolite ratios

tNAA:tCr 20 2.45 ± 0.21 10 2.41 ± 0.15 t = �0.587, p = 0.562

tCho:tCr 20 0.35 ± 0.06 10 0.32 ± 0.03 t = �1.534, p = 0.136

DTI metrics

MD (μm2/ms) 18 1.049 ± 0.083 10 0.972 ± 0.041 t = �2.727, p = 0.011*

RD (μm2/ms) 18 0.941 ± 0.080 10 0.866 ± 0.042 t = �2.720, p = 0.011*

AD (μm2/ms) 18 1.266 ± 0.089 10 1.1184 ± 0.042 t = �2.715, p = 0.012*

FA 18 0.215 ± 0.009 10 0.221 ± 0.013 t = 1.128, p = 0.212

Abbreviations: DMD, Duchenne muscular dystrophy; n, number; SD, standard deviation; ADC, apparent diffusion coefficients; tNAA, total N-acetyl aspartate; tCR,

total creatine, tCho, choline compounds, DTI, diffusion tensor imaging; MD, mean diffusivity; RD, radial diffusivity; AD, axial diffusivity, FA, fractional anisotropy .

Note: Data are expressed as mean ± SD. Test and p-values are reported in the last column.

*Significance level was set at p < 0.05.
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CRLBs (%) for NAA were 1.8 ± 0.5 for condition b0 and 3.6 ± 0.8 for condition b3765, indicating low uncertainty of the metabolite level estimated

using LCModel. For tCho and tCr, CRLBs (%) were 4.2 ± 0.7 and 3.5 ± 0.7 in the b0 condition, increasing to 8.3 ± 2.2 and 6.8 ± 1.9 in the b3765

conditions respectively. This is well within the quality limit of CRLBs defined at the start of the study.

None of the metabolite ADCs differed between the groups (Table 2 and Figure 4). The metabolite ratios of tNAA/tCr and tCho/tCr for HC

and patients with DMD also did not differ between groups (Figure 5 and Table 2).

F IGURE 4 Scatterplots for the ADCs of tNAA (A), tCho (B), and tCr (C). For the Duchenne subgroup, a proximal mutation affects the Dp427
form only (i.e., assumed to be linked to neurons) and distal corresponds to a mutation affecting both Dp427 and Dp140 forms (i.e., assumed to be
linked to neurons and glial cells). None of the between-group differences were found to be significant (p > 0.16).

F IGURE 5 Scatterplots for the metabolite ratios of tNAA:tCr (A) and tCho:tCr (B). None of the between-group differences were found to be
significant (p > 0.05). For the Duchenne subgroup, a proximal mutation affects the Dp427 form only (i.e., assumed to be linked to neurons), and
distal corresponds to a mutation affecting both Dp427 and Dp140 forms (i.e., assumed to be linked to neurons and glial cells).
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3.3 | Water diffusion properties

MD within the VOI was higher for patients with DMD compared with HCs (p = 0.0001, Figure 6). Post hoc analysis to assess if the higher MD

was a result of axial or radial diffusion showed both increased RD (p = 0.011) and increased AD (p = 0.012). FA did not show any differences

between DMD and HCs (p = 0.212; Table 2).

4 | DISCUSSION

In this study, we aimed to determine if microstructural changes in water diffusion properties in the white matter in the DMD brain are driven by

intra- or extracellular factors. We previously showed, using DTI alone, that white matter microstructure is altered in DMD.23 However, due to the

ubiquitous nature of water molecules, we could not conclude if our measurement reflected changes in the intra- or extracellular space microstruc-

ture. In this context, we used combined DTI and DWS acquisitions to detect cell-specific changes in vivo in patients with DMD. We hypothesized

that metabolite ADC would be altered together with water ADC. We found no significant difference in metabolite ADC while reproducing a

significant increase in water MD/RD/AD coefficient in the same VOI. No differences in metabolite levels were found as the ratios did not differ

between groups, which is consistent with previous MRS results within this region.28,29

DWS measurements were performed at a diffusion time of about 64 ms, resulting in a typical diffusion distance for metabolites of about

5–10 μm. As suggested by previous studies,41,42 our metabolite DWS measurement is mainly sensitive to the diffusion in long fibres

(i.e., astrocytic processes, neuronal dendrites, etc.). Consequently, we hypothesize that our DWS measurement framework cannot inform us of

changes at the level of the cell bodies. Based on the observation that metabolite ADC did not change between DMD patients and controls, we

hypothesize that there are no cytomorphological changes at the intracellular level within the astrocytic processes and neuronal dendrites in DMD

patients. This suggests that these effects are therefore not contributing to changes in white matter diffusion. In general, DWS studies have a

lower sensitivity compared with DTI due to low metabolite concentration compared with water, and as a result studies are performed in a

relatively large VOI and with long acquisition times. Here, we acquired data in a relatively short acquisition time (3 min 44 s compared with a

minimum of 15 min) at 3 T, but due to stringent quality control we could obtain DWS data in HCs with similar values and variability compared

with our previous findings.29,43,44

The potential sensitivity of DWS to pathology has been shown in studies focussing for instance on multiple sclerosis, including the same

number of patients and HCs as our study. These studies showed that patients with multiple sclerosis had a reduced NAA diffusivity.41,42 In DMD

patients, the variation in the ADC of tCho (0.037 μm2/ms) seems to differ more compared with the variation in the ADCs of tNAA and tCr (both

0.023 μm2/ms). This larger variation could be attributable to the underlying cytomorphological changes due to the different dystrophin isoforms,

which might have a different effect on glial cells compared with neurons. However, due to our relatively small group sizes, we were unable to

differentiate between the different mutation types in patients with DMD.

F IGURE 6 Scatterplots for the between-group differences of water diffusion for MD (A), AD (B), and RD (C). *All between-group differences
were found to be significant (p < 0.05). For the Duchenne subgroup, a proximal mutation affects the Dp427 form only (i.e., assumed to be linked
to neurons), and distal corresponds to a mutation affecting both Dp427 and Dp140 forms (i.e., assumed to be linked to neurons and glial cells).
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As expected, no differences in FA between DMD and controls were observed. As in our previous results, the FA map showed only differences

in the occipital lobe.23 The differences we found in diffusion properties of water (MD, RD, and AD)23 could be due to multiple factors, such as

reduced fibre density, increased membrane permeability, and/or decreased structural organization or demyelination.45 Dp140 and/or Dp71

isoforms are associated with astrocytes.17,18 A study on DMD astrocytes showed an altered morphology, altered proliferative activity, and

decreased AQP4 expression.21 This points to a potentially altered permeability of the membrane influencing the altered diffusion properties of

water, with extracellular and possibly astrocytic changes possibly related to AQP4,21 contributing to the increase in apparent water diffusivity.

Another possible explanation for our results is the use of glucocorticoid treatment in patients with DMD. A previous study on glucocorticoid

use in systemic and inhaled glucocorticoid users showed an altered white matter integrity.46 In addition, work with Cushing patients showed that

glucocorticoids have an impact on white matter and that oligodendrocytes are very sensitive to glucocorticoids.47–49 Disentangling the contribu-

tion of glucocorticoids to DTI from the absence of dystrophin as the main pathophysiology is only possible if patients not taking glucocorticoids

are included. This is an ethical dilemma, as glucocorticoids significantly slow down the disease progression and are part of the standard of care.

In conclusion, by combining DWS and DTI, we aimed to distinguish between intra- and extracellular diffusion in white matter. We found

preserved diffusion of the cell-specific metabolites tNAA, tCho, and tCr in our parietal white matter VOI. Our DWS results indicate preserved cell

fibre microstructure. Consequently, water changes could be dominated by altered white matter microstructure at the extracellular level. The

reported decrease in AQP4 expression in DMD21 also points to potential astrocytic permeability changes, although no intracellular glial changes

were detected with DWS. This illustrates the benefits of combined DTI and DWS to gain a better understanding of the underlying mechanisms in

a clinical setting.
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