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Quantitative MRI and MRS of muscle are increasingly being used to measure individ-

ual pathophysiological processes in Becker muscular dystrophy (BMD). In particular,

muscle fat fraction was shown to be highly associated with functional tests in BMD.

However, the muscle strength per unit of contractile cross-sectional area is lower in

patients with BMD compared with healthy controls. This suggests that the quality of

the non-fat-replaced (NFR) muscle tissue is lower than in healthy controls. Conse-

quently, a measure that reflects changes in muscle tissue itself is needed. Here, we

explore the potential of water T2 relaxation times, diffusion parameters and phospho-

rus metabolic indices as early disease markers in patients with BMD. For this pur-

pose, we examined these measures in fat-replaced (FR) and NFR lower leg muscles in

patients with BMD and compared these values with those in healthy controls. Quan-

titative proton MRI (three-point Dixon, multi-spin-echo and diffusion-weighted spin-

echo echo planar imaging) and 2D chemical shift imaging 31P MRS data were

acquired in 24 patients with BMD (age 18.8-66.2 years) and 13 healthy controls (age

21.3-63.6 years). Muscle fat fractions, phosphorus metabolic indices, and averages

and standard deviations (SDs) of the water T2 relaxation times and diffusion tensor

imaging (DTI) parameters were assessed in six individual leg muscles. Phosphodiester

levels were increased in the NFR and FR tibialis anterior, FR peroneus and FR gas-

trocnemius lateralis muscles. No clear pattern was visible for the other metabolic

indices. Increased T2 SD was found in the majority of FR muscles compared with

NFR and healthy control muscles. No differences in average water T2 relaxation times

or DTI indices were found between groups. Overall, our results indicate that primarily

muscles that are further along in the disease process showed increases in T2 hetero-

geneity and changes in some metabolic indices. No clear differences were found for

the DTI indices between groups.

Abbreviations: ATP, adenosine triphosphate; BMD, Becker muscular dystrophy; cCSA, contractile cross-sectional area; CSI, chemical shift imaging; DMD, Duchenne muscular dystrophy; DTI,

diffusion tensor imaging; EPG, extended phase graph; EPI, echo planar imaging; FA, fractional anisotropy; FOV, field of view; FR, fat replaced; GCL, gastrocnemius lateralis muscle; GCM,

gastrocnemius medialis muscle; GRMD, Golden Retriever muscular dystrophy; MD, mean diffusivity; MSME, multi-slice multi-echo; NFR, non-fat-replaced; NSA, number of signal averages; PCr,

phosphocreatine; PDE, phosphodiester; PER, peroneus muscle; Pi, inorganic phosphate; ROI, region of interest; RP, spectrally selective fat suppression; SD, standard deviation; SE, spin echo; SI,

signal intensity; SNR, signal-to-noise ratio; SOL, soleus muscle; SPAIR, spectrally adiabatic inversion recovery; SSGR, slice-selection gradient reversal; qT2, quantitativeT2; TA, anterior tibialis

muscle; TP, posterior tibialis muscle; λ1, Eigenvalue 1; λ2, Eigenvalue 2; λ3, Eigenvalue 3.
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K E YWORD S
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1 | INTRODUCTION

Becker muscular dystrophy (BMD) is an X-linked disease caused by a mutation in the DMD gene, which codes for the protein dystrophin. Dystro-

phin in muscle anchors the contractile apparatus to the surface membrane to ensure membrane stability during muscle contractions.1 The dystro-

phin protein in patients with BMD is truncated, and therefore its function is impaired, which manifests itself in on-going muscle fiber damage and

muscle weakness.2,3 This muscle fiber damage is reflected by a variety of processes such as changes in energy metabolism, muscle fiber size,

inflammation, fibrosis and replacement of muscle tissue by fat.2,3

Quantitative MRI (qMRI) and MRS are increasingly used to measure these individual pathophysiological processes in muscular dystro-

phies, including BMD.4–7 In particular, the muscle fat fraction measured with MR is frequently used and has been shown to be highly asso-

ciated with functional measures such as 6 min walking distance, time-graded tests and muscle force measurements in BMD.6–9 Another

measure increasingly used in neuromuscular disease and thought to be closely associated with muscle function is contractile cross-sectional

area (cCSA). This measure can be derived from the fat fraction in combination with muscle volume and represents the remaining muscle tis-

sue ((1 − fat fraction) × muscle volume = cCSA).10 Interestingly, previous work showed that the cCSA does not correlate with muscle func-

tion in BMD, and that this correlation is weaker in the more severely affected Duchenne muscular dystrophy (DMD) patients (dystrophin is

fully absent) compared with healthy age-matched controls. This indicates that the functionality of the non-fat-replaced (NFR) muscle tissue

in these patients groups is lower than in healthy controls.7,10 Therefore, non-invasive outcome measures that reflect changes in the muscle

tissue itself are needed.

One of such measures is phosphodiester (PDE) levels detected with 31P MRS. The PDE signal in the MR spectrum is derived from glyc-

erol 3-phosphocholine (GPC) and glycerol 3-phosphoethanolamine (GPE), which are thought to be membrane phospholipid breakdown prod-

ucts. In diseases with muscle wasting, such as DMD and BMD, the membrane damage is hypothesized to result in an increase in PDE.

Previous work showed that, in both patients with BMD and patients with DMD, PDE levels were higher in muscles without fat replace-

ment.11,12 Another candidate MR-related technique is diffusion tensor imaging (DTI), which produces measures sensitive to microstructural

changes in muscle injury and microtrauma and after exercise.13,14 DTI applications in neuromuscular diseases are limited due to the chal-

lenges posed by fat replacement.15,16 However, simulation work and in vivo studies have shown that DTI indices can be reliably estimated

when these confounding factors are accounted for.17–19 Finally, the average water T2 relaxation times and T2 heterogeneity assessed via

quantitative T2 (qT2) mapping could be useful early markers, as both the average and standard deviation (SD) of water T2 values have been

shown to be sensitive to inflammatory processes and disease activity in neuromuscular diseases.20,21 Water T2 relaxation times are com-

monly measured in neuromuscular diseases but have only been rarely investigated in patients with BMD: these studies showed similar or

only slightly elevated water T2 relaxation times compared with healthy controls.22,23 Both DTI indices and PDE levels have been associated

with membrane integrity in skeletal muscle.13,24,25 However, little is known about the relation between these measures since these outcome

measures have not been assessed together.

Therefore the primary aim of this work is to explore the potential of water T2 relaxation times, diffusion indices and phosphorus

metabolic indices as early disease markers in patients with BMD, by examining these measures in fat-replaced (FR) and NFR lower leg

muscles in comparison with values in healthy controls. As both DTI indices and PDE levels have been associated with changes in mem-

brane integrity in skeletal muscle, we also aimed to investigate the relation between PDE levels and DTI indices using a correlation

analysis.

2 | METHODS

2.1 | Patient population

A total of 24 male patients with BMD (age 42.9 ± 13.05; range 18.8-66.2 yr) and 13 male healthy control subjects (age 43 ± 13.68; range

21.3-63.6 yr) participated in the study. Patients with BMD were recruited from the Dutch Dystrophinopathy Database.26 All diagnoses were con-

firmed by a mutation in the DMD gene. All patients with BMD were ambulant (defined as being able to walk 10 m with the support of a walking

aid). Of the 24 patients with BMD, 12 patients with BMD had participated in our previously-published MR studies.11,22 The study was approved

by the local medical ethical committee and all patients signed informed consent.
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2.2 | MR examination at 3 T

Data were acquired in the lower leg on a 3T MR system (Philips Ingenia, Best, The Netherlands) with a 16-element receive coil placed on the ante-

rior section of the leg and the 12-element coil built into the patient table positioned posterior to the leg. Subjects were positioned in a feet-first

supine position in the scanner. The imaging protocol consisted of five sequences.

I. Spin-echo (SE)-Echo Planar Imaging (EPI) DTI sequence to obtain diffusion indices (TR/TE 2990/49 ms; number of signal averages (NSA) 6; num-

ber of gradient directions 16; b-values 0, 450 s/mm2; voxel size 2 × 2 × 6 mm3; 12 slices; no gap). A combination of three techniques was used

to suppress the fat signal15: a spectrally adiabatic inversion recovery (SPAIR) pulse and slice-selection gradient reversal (SSGR) for the aliphatic

fat peak and a spectrally selective fat suppression (RP) pulse for the olefinic fat peak).

II. SE-EPI without diffusion weighting to assess the signal-to-noise ratio (SNR) (TR/TE 3020/49 ms; NSA 6; b-value 0 s/mm2; voxel size 2 × 2 ×

6 mm3; 12 slices; no gap; 10 dynamics; SPAIR; SSGR; RP).

III. T1-weighted sequence used as anatomical reference for the DTI (TR/TE 630/30 ms; voxel size 1.5 × 1.5 × 6 mm3; no gap, 12 slices).

IV. Three-point Dixon sequence to determine muscle fat fraction levels (TR/TE/ΔTE 210/4.41/0.76 ms; NSA 2; flip angle 8�; voxel size 1 × 1 ×

10 mm3; slice gap 5 mm; 23 slices).

V. Multi-echo multi-slice (MEMS) sequence to measure water T2 relaxation times (17 echoes; TR/TE/ΔTE 3000/8/8 ms; voxel size 1.4 × 1.8 ×

10 mm3; slice gap 20 mm; 5 slices).

The middle of the slice stack for all five sequences was aligned and positioned at the thickest part of the calf and perpendicular to the

tibia bone.

2.3 | MR examination at 7 T

On the same day as the 3T scans, 31P MRS datasets were acquired on a 7T MR system (Philips Achieva) with a custom-built double tuned (31P

and 1H) volume coil (length 12 cm). The coil was placed at the thickest part of the calf just below the patella, to ensure accurate co-localization

with the MR measurements at 3T. The imaging protocol consisted of the following.

I. 31P 2D chemical shift imaging (CSI) scan to assess phosphorus metabolic indices (Field of View (FOV) 160 × 200; matrix size 8 × 10; TR

2000 ms; 2048 complex data points). Excitation was performed with a block pulse with individually determined flip angle of 45� using a flip

angle series prior to the CSI acquisition. The acquisition was Hamming weighted with 24 signal averages of the central k-lines.

II. A B0 map was used as input for a second order image-based shimming routine (14 slices; slice thickness 8 mm; no slice gap; TR/TE 30/3.11 ms;

flip angle 20�; FOV 160 × 180 mm2).

III. T1-weighted sequence for anatomical reference to position the 2D-CSI grid (15 slices; slice thickness 7 mm; slice gap 0.5 mm; TR/TE 10/3 ms;

flip angle 30�; FOV 180 × 200 mm2).

Since the boundaries between, and diameters of, individual muscles and muscle groups change along the length of the leg, the 2D-CSI grid

was placed in such a way that one individual voxel was located within a single muscle over the entire length of the coil.11

2.4 | Data analysis

Regions of interest (ROIs) were manually drawn on the T1-weighted images, the three-point Dixon images and the MSME images, using Medical

Image Processing Analysis and Visualization (MIPAV) (https://mipav.cit.nih.gov/). Six individual lower leg muscles were segmented for this study:

the lateral head of the gastrocnemius (GCL), the medial head of the gastrocnemius (GCM), the soleus (SOL), the peroneus (PER), the tibialis ante-

rior (TA) and the tibialis posterior (TP) muscles. The MR sequences differed in parameters such as slice thickness and slice gap and therefore the

number of slices used in the analysis varied between sequences, but in total covered the same ROI as the DTI. All MR outcome measures are

reported as the mean value of all pixels within an ROI averaged over multiple slices.

The diffusion data-sets were analyzed using QMRITools in Mathematica (github.com/mfroeling/QMRITools). All diffusion datasets were de-

noised, registered and corrected for eddy current distortions and subject motion. The diffusion tensor was calculated using an iterative weighted-

linear-least-squares (iWLLS) method generating three eigenvectors and the corresponding eigenvalues (λ1, λ2 and λ3) per voxel. Fractional

anisotropy (FA) and mean diffusivity (MD) were calculated per voxel, based on the three eigenvalues, using standard equations. The SE-DTI

without diffusion weighting was used to assess SNR. SNR was calculated for each individual pixel and defined as the mean signal of the
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10 dynamics divided by the SD of the same 10 dynamics. Muscles with SNR levels below 20 and fat fractions above 50% were excluded from the

data analysis.16 For the Dixon scans, fat and water images were reconstructed according to the magnitude and phase images of each of the indi-

vidual echoes. Some datasets showed low signal on the third echo and there were therefore difficulties calculating the B0. In that case, the missing

B0 points are interpolated using the surrounding points showing phase and sufficient magnitude signal on each of the echoes, after which the data

were fitted to a six-peak fat model and fat fractions were calculated as [signal intensity (SI) fat/(SI fat + SI water)] × 100. For six of the healthy

control subjects, raw magnitude and phase images were missing, hampering multi-peak reconstruction. Therefore, single-peak reconstruction data

from the scanner software were used instead. The Dixon sequence was optimized with respect to TR and flip angle to minimize T1 relaxation

effects. Fat fractions were not corrected for T2* relaxation effects. Water T2 relaxation times were calculated using an extended phase graph

(EPG) fitting approach, considering different T2 relaxation times for a single water and a single fat component.27 The fat T2 relaxation time, the

water T2 relaxation time and the transmit field (B1
+) were fitted on a voxel-by-voxel basis using a dictionary method.28 The fat calibration was per-

formed per subject, using 1000 pseudo-random points automatically selected from the subcutaneous fat selected from the last echo. Pseudo-

random means that the points that are selected are randomly distributed through the subcutaneous fat, but if the same mask were to be applied

to a particular scan in the same subject the same random voxels would be selected. Residual maps were used to visually assess the quality of the

EPG fit. Pixels with a fat fraction above 50% based on the reconstructed fat fraction map were excluded from the analysis, as these pixels have

been shown to impact the stability of the EPG fit.27,28

31P MRS datasets were visualized using the 3D Interactive Chemical Shift Imaging (3diCSI) software package (https://cuit.columbia.edu/cuit/

software-downloads). Phosphorus spectra were identified for the GCL, GCM, SOL, PER, TA and TP muscles, exported as free induction decays

(FIDs), and processed in the time domain using AMARES in the JMRUI software package (Version 5, http://sermn02.uab.es/mrui/).29 Voxels were

carefully positioned to avoid overlap with adjoining muscles as described before.11 If it was not possible to position a voxel wholly in a specific

muscle, due to the muscle being too small, the voxel was positioned in such a way that the voxel included either air or bone (tissue from which no

phosphor signal could be obtained) but no other muscle tissue. Signals from Pi, PDE, phosphocreatine (PCr) and γ-, α- and β-ATP (adenosine tri-

phosphate) were fitted using Gaussian line shapes, and prior knowledge was used for the linewidths of the PDE and β-ATP peaks.11 Inorganic

phosphate (Pi) was modeled as a single peak. The metabolite signals were presented as a ratio over γ-ATP or PCr and corrected for T1 saturation

effects according to literature values.30 Spectra with an SNR lower than 10 for the PCr peak and/or where not all metabolite peaks could be quan-

tified were excluded from the analysis. SNR was determined for each of the individual spectra and defined as the amplitude of the PCr peak

divided by the SD of the residual signal after fitting. No slice selection was applied in the feet-head direction during acquisition; as a result the 31P

MRS spectra are measured over the full length of the coil.

All muscles of the patients with BMD were classified into two groups according to their mean fat fraction: NFR and FR muscles. Cut-off

values were based on the mean fat fraction + two SDs for the specific muscle in healthy controls.

2.5 | Statistical analysis

Since the qT2 and DTI data were not normally distributed, a non-parametric Kruskal-Wallis test was used to compare DTI-derived parameters and

the averages and SDs of the water T2 relaxation times between groups on a muscle-by-muscle basis. The level of statistical significance was

corrected for multiple comparisons and set at p ≤ 0.0012 (6 muscles × 7 outcome measures = 42; 0.05/42 = 0.0012). As the 31P MRS data were

normally distributed, a general linear model was used for the comparison of metabolite ratios between the groups for the six individual lower leg

muscles. Age was entered as a covariate in the model, and level of statistical significance was corrected for multiple testing and set at p ≤ 0.0083

(six muscles; 0.05/6 = 0.083). A post-hoc analysis was used to determine which groups differed. A Spearman correlation was used to determine

the relationship between PDE levels and MD in the lower leg muscles of patients with BMD. All statistical analyses were performed in SPSS

Version 24 for windows (SPSS, Chicago, IL).

3 | RESULTS

The NFR/FR BMD subgroups were defined for different muscle groups as follows: GCL n = 3/21 (cut-off fat fraction 7.3%), GCM/SOL n = 5/19

(cut-off fat fractions: 10.6%8.9%), TA n = 6/18 (cut-off fat fraction 5.3%) and PER/TP n = 7/17(cut-off fat fraction 12.0%/6.6%). For the DTI data,

a total of 29 muscles (GCL 8, GCM 15, SOL 1, PER 5, TA 0, TP 0 had to be excluded due to high fat fractions. Additionally, 14 muscles had to be

excluded due to insufficient SNR of the DTI (GCL 2, GCM 0, SOL 3, PER 4, TA 1, TP 4). For the average water T2 relaxation times, a total of

16 muscles (GCL 4, GCM 7, SOL 1, PER 2, TA 1, TP 1) were excluded due to an insufficient number of pixels in the ROI to be analyzed. For the
31P MRS data, a total of 27 muscles had to be excluded due to missing data (one subject), insufficient SNR or the inability to identify all metabolite

peaks (GCL 4, GCM 7, SOL 4, PER 4, TA 3, TP 5). None of the healthy control muscles had to be excluded. The final numbers of subjects used for

each of the analyses are visualized in Figure 1.
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3.1 | Diffusion parameters

Multi-parametric axial images of a representative patient with BMD are shown in Figure 2. The means and SDs of the DTI parameters for the ana-

lyzed lower leg muscles are summarized in Table 1. No statistically significant differences were detected in diffusion indices between groups. An

elevated λ2 was seen in the FR TA muscle (p = 0.0226) compared with the NFR TA muscle (Figure 3) and an slightly elevated FA was seen in the

FR SOL muscle (p = 0.03) compared with the healthy control SOL muscle, but neither reached statistical significance after correction for multiple

comparisons.

3.2 | Mean and SD water T2 relaxation times

The means and SDs of the water T2 relaxation times for the lower leg muscles are summarized in Table 1. Representative qT2 maps, masked T2

maps and error maps for a healthy control subject, NFR and FR patient with BMD are shown in Figure 4. Between-group analysis showed similar

F IGURE 1 Flow diagram describing the exclusion of datasets

F IGURE 2 Multi-parametric axial images of the lower leg of a patient with BMD: A, first echo of a multi-SE image with ROIs for the six lower
leg muscles—GCM, GCL, SOL, TA, PER and TP; B, reconstructed T2 map using the EPG algorithm; C, SE-EPI images with diffusion weighting
(b = 450 s/mm2); D, offline reconstructed water map of the Dixon scan using six-fat-peak model; E, scatter dot plots of the mean fat fraction (%
fat) with the 95% confidence interval in all patients with BMD for the GCM, GCL, PER, SOL, TA and TP muscles. The cut-off fat fractions for the
individual muscles used to divide the patients with BMD into groups are reported on the graph
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TABLE 1 Mean values ± SDs for the diffusion parameters and averageT2 in healthy controls, BMD muscles with NFR and BMD muscles with
FR. Significant differences between patients and controls are marked with an asterisk (*)

Muscle Parameter NFR FR Healthy control

GCM N = 5 N = 4 N = 13

λ1 (10
-3mm2/s) 1.96 ± 0.06 1.97 ± 0.03 1.94 ± 0.07

λ2 (10
-3mm2/s) 1.54 ± 0.07 1.56 ± 0.06 1.55 ± 0.05

λ3 (10
-3mm2/s) 1.38 ± 0.05 1.39 ± 0.02 1.39 ± 0.04

MD (10-3mm2/s) 1.63 ± 0.06 1.64 ± 0.04 1.64 ± 0.06

FA(-) 0.18 ± 0.01 0.18 ± 0.01 0.18 ± 0.02

N = 5 N = 12 N = 13

T2 (ms) 30.0 ± 1.7 28.9 ± 6.2 29.8 ± 0.8

T2 SD (ms) 1.0 ± 0.5 2.7 ± 1.9 0.9 ± 0.3

GCL N = 3 N = 11 N = 13

λ1 (10
-3mm2/s) 2.01 ± 0.11 2.08 ± 0.11 2.02 ± 0.1

λ2 ((10
-3mm2/s) 1.57 ± 0.11 1.68 ± 0.10 1.64 ± 0.08

λ3 (10
-3mm2/s) 1.33 ± 0.04 1.37 ± 0.11 1.35 ± 0.05

MD (10-3mm2/s) 1.63 ± 0.09 1.71 ± 0.1 1.67 ± 0.07

FA (-) 0.21 ± 0.02 0.21 ± 0.02 0.20 ± 0.02

N = 3 N = 17 N = 13

T2 (ms) 29.1 ± 0.7 30.6 ± 1.7 29.6 ± 1.1

T2 SD (ms) 0.8 ± 0.3 2.9 ± 1.9* 0.9 ± 0.2

SOL N = 4 N = 16 N = 13

λ1 (10
-3mm2/s) 2.02 ± 0.08 2.03 ± 0.08 1.99 ± 0.04

λ2(10
-3mm2/s) 1.61 ± 0.08 1.6 ± 0.06 1.59 ± 0.04

λ3(10
-3mm2/s) 1.38 ± 0.06 1.34 ± 0.07 1.36 ± 0.03

MD (10-3mm2/s) 1.67 ± 0.07 1.66 ± 0.07 1.65 ± 0.03

FA(-) 0.20 ± 0.01 0.21 ± 0.02 0.20 ± 0.01

N = 5 N = 18 N = 13

T2 (ms) 30.7 ± 1.2 31.6 ± 4.0 30.2 ± 1.1

T2 SD (ms) 1.2 ± 0.5 3.0 ± 2.2* 1.3 ± 0.3

TA N = 6 N = 17 N = 13

λ1 (10
-3mm2/s) 2.11 ± 0.12 2.16 ± 0.08 2.17 ± 0.07

λ2 (10
-3mm2/s) 1.58 ± 0.09 1.68 ± 0.06 1.62 ± 0.07

λ3 (10
-3mm2/s) 1.40 ± 0.07 1.37 ± 0.08 1.40 ± 0.06

MD (10-3mm2/s) 1.70 ± 0.08 1.74 ± 0.05 1.73 ± 0.06

FA(-) 0.22 ± 0.02 0.23 ± 0.03 0.23 ± 0.02

N = 6 N = 17 N = 13

T2 (ms) 29.3 ± 1.1 29.5 ± 1.6 29.7 ± 0.9

T2 SD (ms) 0.7 ± 0.3 2.0 ± 0.9* 0.7 ± 0.3

PER N = 6 N = 9 N = 13

λ1 (10
-3mm2/s) 2.02 ± 0.1 2.15 ± 0.18 2.06 ± 0.1

λ2 (10
-3mm2/s) 1.64 ± 0.13 1.71 ± 0.1 1.68 ± 0.09

λ3 (10
-3mm2/s) 1.33 ± 0.09 1.38 ± 0.08 1.34 ± 0.06

MD (10-3mm2/s) 1.66 ± 0.1 1.74 ± 0.09 1.69 ± 0.07

FA(-) 0.21 ± 0.02 0.22 ± 0.04 0.21 ± 0.03

N = 7 N = 15 N = 13

T2 (ms) 28.7 ± 1.1 29.25 ± 1.7 29.1 ± 0.8

T2 SD (ms) 1.4 ± 0.7 2.2 ± 0.8* 1.1 ± 0.4
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average water T2 relaxation times for all groups in all lower leg muscles (Figure 5). The T2 SD was significantly elevated for the GCL, SOL, TA and

PER muscles in the FR BMD muscles compared with the control and the NFR BMD muscles (p ≤ 0.0005) (Figure 6). The GCM (p = 0.0064) and TP

(p = 0.1624) muscles showed similar patterns although they were not significantly elevated after correction for multiple comparisons (Figure 6).

Error maps of the residuals of the EPG fit were homogeneous and consistent in all datasets (Figure 4).

3.3 | 31P metabolite ratios

Example 31P spectra of an NFR BMD muscle, an FR BMD muscle and a healthy control muscle are depicted in Figure 7. The average linewidth of

the PCr signal of all subjects was 44.5 ± 21.8 Hz. Mean and SDs of the metabolic indices in the NFR and FR BMD muscles and healthy controls

are shown in Table 2 and Figure 8. Compared with healthy controls, PDE levels were significantly elevated in the NFR and FR TA muscles (group

effect p = 0.008; post-hoc FR/NFR p = 0.005/0.035) and FR PER (group effect p = 0.0072; post-hoc FR p = 0.002) and GCL (group effect

TABLE 1 (Continued)

Muscle Parameter NFR FR Healthy control

TP N = 5 N = 17 N = 11

λ1 (10
-3mm2/s) 2.15 ± 0.09 2.14 ± 0.1 2.12 ± 0.07

λ2 (10
-3mm2/s) 1.6 ± 0.05 1.64 ± 0.1 1.60 ± 0.08

λ3 (10
-3mm2/s) 1.4 ± 0.04 1.40 ± 0.08 1.36 ± 0.08

MD (10-3mm2/s) 1.71 ± 0.05 1.72 ± 0.08 1.69 ± 0.07

FA(-) 0.22 ± 0.03 0.2 ± 0.02 0.23 ± 0.02

N = 6 N = 17 N = 13

T2 (ms) 29.1 ± 0.5 29.7 ± 2.2 29.3 ± 1.0

T2 SD (ms) 1.9 ± 1.4 1.9 ± 0.9 1.4 ± 0.7

F IGURE 3 Scatter dot plots of the MD, FA and the three eigenvalues with the 95% confidence interval in healthy controls (HC), NFR BMD
muscles and FR BMD muscles for theTA muscle. Significant differences between groups are indicated with asterisks (*). The other analyzed lower
leg muscles showed similar findings
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p = 0.008; post-hoc FR p = 0.004) muscles. The SOL (group effect p = 0.04) muscles showed a trend for elevated PDE/ATP levels compared with

healthy controls. In addition, Pi/ATP was elevated in the NFR and FR PER (group effect p = 0.003; post hoc FR/NFR p = 0.001/0.043) muscles

compared with healthy control muscles. PCr/ATP was significantly higher in the NFR SOL (group effect p = 0.0002; post-hoc NFR p = 0.001)

F IGURE 4 Multi-SE images, reconstructed T2 maps using EPG fit, T2 maps without pixels with %fat > 50% and error maps of the residual of
the EPG fit are shown for the middle slice in a healthy control, a mildly affected patient with BMD and a severely affected patient with BMD. Fat
fractions for the individual leg muscles in the mildly/severely affected patient with BMD were as follows: GCL 6.4/51.7%; GCM 7.7/46.9%; SOL
5.3/51.2%; PER 10.2/66.9%; TA 4.8/42.2%; TP 4.5/6.9%. Note the increase in error of the residuals near the arteries

F IGURE 5 Scatter dot plots of the average water T2 relaxation times (water T2 (ms)) with the 95% confidence interval in healthy controls and
NFR BMD muscles and FR BMD muscles for the GCM, GCL, PER, SOL, TA and TP muscles. Significant differences between groups are indicated
with an asterisk (*)
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muscle compared with healthy control muscles. No significant changes between groups were detected for intracellular tissue pH or Pi/PCr.

However, some slight elevations in intracellular tissue pH were seen in the majority of the muscles (except PER). Additionally, a trend for elevated

Pi/PCr was seen in theTA (p = 0.013) and PER (p = 0.015) muscles.

F IGURE 6 Scatter dot plots of the SD of the water T2 relaxation times (T2SD) with the 95% confidence interval in healthy controls and NFR
BMD muscles and FR BMD muscles for the GCM, GCL, PER, SOL, TA and TP muscles. Significant differences between groups are indicated with
an asterisk (*). Note the lack of change in theTP muscle, which is also the muscle with the lowest increase in %fat (see Figure 2)

F IGURE 7 Representative 31P spectrum for a muscle from a healthy control subject, an NFR muscle of a patient with BMD and an FR muscle
of a patient with BMD. Note the reduction in SNR in the phosphorus spectrum of the FR BMD muscle. The spectra are scaled according to the
PCr peak
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3.4 | PDE levels in relation to MD

None of the muscles (Spearman r; GCM 0.27; GCL 0.25; PER 0.23; SOL 0.06; TA 0.12; TP 0.06) showed a significant correlation between PDE

levels and MD.

4 | DISCUSSION

In this study we evaluated diffusion measures, water T2 relaxation times and 31P metabolites as potential early markers for muscle tissue changes

in patients with BMD. Our results showed that PDE levels were significantly increased in NFR TA and FR TA, PER and GCL muscles, while T2

TABLE 2 Mean values ± SDs for Pi/ATP, Pi/PCr, PDE/ATP, PCr/ATP and intracellular tissue pH in healthy controls, NFR BMD muscles and
FR BMD muscles. Significant differences between NFR or FR muscles and healthy controls are marked with an asterisk (*)

Muscle Parameter NFR FR Healthy control

GCM N = 4 N = 13 N = 13

Pi/ATP 0.38 ± 0.03 0.44 ± 0.12 0.38 ± 0.07

Pi/PCr 0.1 ± 0.01 0.14 ± 0.06 0.10 ± 0.03

PDE/ATP 0.21 ± 0.08 0.31 ± 0.08 0.25 ± 0.11

PCr/ATP 3.93 ± 0.34 3.29 ± 0.56 3.8 ± 0.44

pH 7.02 ± 0.02 7.03 ± 0.03 7.00 ± 0.03

GCL N = 3 N = 17 N = 13

Pi/ATP 0.35 ± 0.05 0.41 ± 0.11 0.34 ± 0.06

Pi/PCr 0.1 ± 0.02 0.12 ± 0.04 0.1 ± 0.02

PDE/ATP 0.17 ± 0.05 0.30 ± 0.12* 0.21 ± 0.07

PCr/ATP 3.48 ± 0.53 3.431 ± 0.52 3.40 ± 0.4

pH 7.03 ± 0.01 7.03 ± 0.02 7.00 ± 0.03

SOL N = 5 N = 15 N = 13

Pi/ATP 0.41 ± 0.1 0.41 ± 0.1 0.36 ± 0.08

Pi/PCr 0.1 ± 0.02 0.12 ± 0.04 0.10 ± 0.02

PDE/ATP 0.24 ± 0.15 0.30 ± 0.11 0.22 ± 0.09

PCr/ATP 4.12 ± 0.19* 3.47 ± 0.3 3.56 ± 0.31

pH 7.03 ± 0.02 7.03 ± 0.03 7.00 ± 0.03

TA N = 6 N = 15 N = 13

Pi/ATP 0.45 ± 0.05 0.46 ± 0.15 0.35 ± 0.05

Pi/PCr 0.11 ± 0.01 0.13 ± 0.05 0.09 ± 0.01

PDE/ATP 0.29 ± 0.10* 0.30 ± 0.12* 0.18 ± 0.08

PCr/ATP 4.05 ± 0.33 3.65 ± 0.6 3.81 ± 0.4

pH 7.00 ± 0.02 7.01 ± 0.04 6.98 ± 0.03

PER N = 5 N = 15 N = 13

Pi/ATP 0.39 ± 0.06* 0.40 ± 0.09* 0.29 ± 0.07

Pi/PCr 0.1 ± 0.014 0.11 ± 0.03 0.08 ± 0.02

PDE/ATP 0.23 ± 0.09 0.29 ± 0.11* 0.18 ± 0.08

PCr/ATP 4.05 ± 0.17 3.66 ± 0.45 3.77 ± 0.4

Ph 7.01 ± 0.02 7.01 ± 0.04 7.00 ± 0.04

TP N = 7 N = 12 N = 13

Pi/ATP 0.38 ± 0.09 0.45 ± 0.16 0.37 ± 0.05

Pi/PCr 0.12 ± 0.03 0.13 ± 0.04 0.12 ± 0.02

PDE/ATP 0.26 ± 0.11 0.31 ± 0.08 0.24 ± 0.09

PCr/ATP 3.55 ± 0.56 3.5 ± 0.61 3.20 ± 0.29

pH 7.01 ± 0.02 7.01 ± 0.03 6.99 ± 0.02
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heterogeneity was significantly increased in the majority of lower leg muscles of the FR group. No changes were found for the DTI indices. This

indicates that primarily muscles that are further along in the disease process, as defined by elevated fat fractions, showed changes in T2 heteroge-

neity and 31P metabolites.

4.1 | DTI parameters

The mean diffusion values in the lower leg muscles of our healthy control subjects were in agreement with other diffusion studies performed in

the lower leg muscles.31,32 With the current sample size and acquisition methods, and after excluding datasets with low SNR levels and high fat

percentages (>50%), no consistent changes were detected in diffusion parameters between the groups. This is in agreement with previous work

in patients with DMD, in which also no clear changes in diffusion properties were detected compared with healthy controls.16 However, from

muscle biopsy studies in patients with BMD, it is known that there are prominent changes in muscle fiber size and fiber dimensions compared

with healthy muscle tissue.33 Consequently, the similar diffusion properties between the groups found here suggest that the expected changes in

muscle microstructure cannot be detected by the SE-DTI technique. This is most likely partly related to the restricted sensitivity of the SE-DTI

technique caused by the use of short diffusion times, which are limited by the short T2 relaxation times of skeletal muscle, in combination with

the size of a muscle cell. Stimulated echo DTI approaches do allow for the use of longer mixing times, as the magnetization is stored in the longitu-

dinal plane, which results in the diffusion weighting being dependent on the T1 relaxation time of muscle, which is much longer than the T2 value.

Preclinical work used such a stimulated echo diffusion measurement approach in combination with a random permeability model in mdx mice, and

found microstructural changes in skeletal muscle compared with controls and throughout the time course of the disease.34 Therefore, for future

work it would be highly interesting to assess muscle diffusion properties with these longer mixing times in patients with BMD.

4.2 | Mean and SD water T2 relaxation times

4.2.1 | Mean water T2 relaxation times

No significant changes were detected in average water T2 relaxation times in any of the lower leg muscles of patients with BMD compared with

healthy controls. These findings are in agreement with previous work assessing muscle inflammation in patients with BMD using fat-suppressed

T2 measurements in the lower leg muscles.22 However, recently presented work in a large BMD cohort (n = 86) did show a very small (0.8 ms) but

significant increase in average water T2 values in the upper leg muscles compared with healthy age-matched controls using a sequence similar to

that used here.23 This suggests that there could be a very small inflammatory component present in the muscles of patients with BMD. This would

be in line with muscle biopsy studies, showing that inflammatory cells are more prominently present in patients with DMD compared with

patients with BMD.33 In the literature, abnormalities of the water T2 component have been associated with a wide variety of processes such as

membrane leakage, fibrosis and inflammation.35–37 The impact of these processes combined has been introduced as “disease activity” and is

thought to reflect the intensity of underlying pathophysiological changes.37 However, recent work showed a negative dependency of water T2

values measured with single-voxel 1H MRS and fat fraction, indicating that fat replacement itself might have an effect on water T2 independent of

the acquisition method used.38 As many individual processes are known to act alongside one another in muscle diseases while having opposing

effects on water T2 relaxation times, water T2 as an outcome measure is not very specific. This in combination with a possibly very small inflam-

matory component in BMD may explain not finding any differences in average water T2 relaxation times in this study.

F IGURE 8 Mean values ± SDs for Pi/ATP, Pi/PCr, PCr/ATP, PDE/ATP and intracellular tissue pH in healthy control muscles, NFR BMD
muscles and FR BMD muscles for each muscle. Significant differences between NFR and FR BMD muscles and controls are marked with an
asterisk (*)
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4.2.2 | SD of the T2 relaxation times

We observed an increased T2 heterogeneity in the majority of the FR lower leg muscles but not in NFR muscles. This suggests that the increase in

T2 heterogeneity only occurs in later stages of the disease, as defined by the increased fat fraction. To our knowledge this is the first study mea-

suring T2 heterogeneity in patients with BMD in relation to the disease course. Previous work also showed an increased water T2 SD in patients

with BMD compared with controls, which is in agreement with our findings.23 A similar phenomenon has been previously reported in Golden

Retriever muscular dystrophy (GRMD) dogs, where an increase in T2 heterogeneity was able to differentiate GRMD muscles from healthy ones

independent of the age of the dog.21 Interpretation of changes in T2 heterogeneity is complex, as not only pathophysiological but also methodo-

logical factors such as fit instabilities, low SNR and fat fraction are known to increase the SD.28 The homogeneous error maps of the residuals of

the fit across the groups in combination with only using pixels with fat fraction below 50% rules out some of these methodological factors in this

study. This suggests that the increased T2 heterogeneity detected in the FR muscles of patients with BMD could be related to an increased dis-

ease activity. The detection of these small inflammatory regions in the muscles of patients with BMD is especially challenging when using a whole

muscle analysis. Other measures (eg smaller regions of interest) or analysis methods (eg histogram analysis) need to be explored to evaluate the

presence of these small inflammatory regions.

4.3 | 31P metabolic indices

In skeletal muscle, 31P metabolic indices are predominantly present in the muscle tissue but not in the fat tissue. Consequently, 31P metabolic indi-

ces are not only of interest in the absence of fat but can also reflect changes in muscle tissue itself in later stages of the diseases. In this study,

PDE levels were significantly elevated in the NFR TA and FR TA, PER and GCL muscles compared with control muscles. Despite the lack of signif-

icant changes in PDE levels in the majority of NFR muscles and some of the FR muscles compared with controls, our results partly reflect a similar

phenomenon as previously described in patients with BMD and DMD.11,12,39 This variation in PDE levels between the lower leg muscles and

across studies could be caused by the varying rates in disease progression between individual muscles and the low number of subjects and highly

heterogeneous early disease phase in the NFR BMD group. However, this increase in PDE levels, generally attributed to membrane degradation

products in muscular dystrophies, reflects changes in muscle tissue without, and in the presence of, fat replacement in patients with BMD. Inter-

estingly, in recent studies in type II diabetes, increased PDE levels have been associated with mitochondrial dysfunction and abnormalities in insu-

lin signaling.40 The role of these processes in muscular dystrophies is unknown, but could have made a contribution to the signal increase we

detected here. Other metabolic indices were changed in muscles further along in the disease process, as demonstrated by the increased fat frac-

tion. The Pi/PCr ratio showed a slight increase in the FR TA and PER muscles, although not significantly after correction for multiple comparisons.

An increased Pi/PCr ratio is often linked to elevated ADP concentrations due to poor coupling of the oxidative phosphorylation in resting skeletal

muscle.41–45 Interestingly, recent studies showed splitting of the Pi peak into Pia and Pib (0.3 ppm resonance downfield from Pia) peaks in GRMD

dogs and in patients with DMD with both Pi peaks being elevated compared with controls.46,47 The Pia peak is thought to correspond to a physio-

logical intracellular pH while the Pib peak is thought to originate from degenerating hypercontracted cells with inadequate pH homeostasis. The

Pib peak is therefore considered to be more specific to dystrophic processes and could potentially be the underlying cause of the increased Pi/PCr

ratio. This splitting of the Pi peak into Pia and Pib was not visible in our data. The exact reason for this is not fully clear but is likely related to lower

SNR in our dataset compared with articles where this splitting was reported. We used a volume coil with a diameter of about 20 cm, and 2D CSI

acquisition with 24 NSA, while the previously reported data were acquired using surface coil localized measurements with small surface coils.46–48

Moreover, the greater line widths (44.5 ± 21.8 Hz) of the PCr peak in our data compared with these previous studies (range of PCr line widths

17-35 Hz) could have resulted in not detecting this splitting of the Pi peak.
46–48 No clear changes were found for the intracellular tissue pH

between the groups. However, some of the muscles (SOL, GCL and TP) showed a trend for a more alkaline intracellular tissue pH compared with

controls. This pattern would be in accordance with previous work in mild to moderately affected patients with BMD.45,49 Multiple processes are

thought to be involved with the more alkaline intracellular tissue pH in muscular dystrophies, ie mitogenesis, as muscle tissue is continuously reg-

enerating, the enhanced alkaline Pib originating from degenerating hypercontracted cells and an altered proton sarcolemma efflux mechanism

induced by a misbalance in Ca+.
36,41,46,50 Only minor changes were found for the other metabolite ratios (Pi/ATP and PCr/ATP). This is in agree-

ment with previous surface coil and spatially localized work pointing out that energy metabolism only becomes increasingly misbalanced in later

disease stages, showing clear increases in Pi/ATP and decreases in PCr/ATP ratios.11,41,43–45 Additionally, these changes in metabolite ratios in

BMD show a similar pattern as in DMD but a little less pronounced.

4.4 | Relation between PDE levels and mMD

Both PDE levels and DTI parameters have been associated with membrane integrity in skeletal muscles.13,24,25 In this study, we explored the rela-

tion between PDE levels and MD in the muscles of patients with BMD for the first time, but did not observe any correlation. This could be due to
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multiple factors. To start with, no clear changes were detected in any of the DTI parameters in the muscles of patients with BMD compared with

controls, which resulted in a small dynamic range. Another cause could be that the two outcome measures reflect different parts of membrane

integrity. Differences in PDE levels have also been associated with changes in energy metabolism, specifically mitochondrial dysfunction and

abnormalities in insulin signaling in patients withType II diabetes.40 The role of these processes in muscular dystrophies is unclear, but could have

contributed to not finding a correlation. In future work it would be interesting to assess this in a larger cohort of patients with BMD and in

patients with other muscular dystrophies, as well as exploring a stimulated echo approach for DTI.

4.5 | Limitations

Some limitations of the study should be acknowledged. First of all, as mentioned above, some of the diffusion tensor images (19%), T2 datasets

(7%) and 31P spectra (12%) had to be discarded due to insufficient quality as a result of extensive fat replacement. This could have resulted in

some bias towards less severely affected muscles and could possibly explain why no significant abnormalities were found in diffusion measures,

average water T2 relaxation times or some of the metabolic indices in the FR muscles. Second, the number of patients in the NFR group of mus-

cles was relatively low compared with the FR group and healthy controls, and this might have influenced the findings in this study. This tendency

is clearly visualized in the metabolic indices and as a result may underestimate the metabolic changes in NFR BMD muscles. However, no consis-

tent pattern was observed for the DTI parameters or average water T2 values across the NFR muscles. A more general point is the highly hetero-

geneous disease course in BMD, most evident in the FR muscles of the patients with BMD. This heterogeneity in disease stages within the group

as well as the heterogeneity within individual muscles results in a large SD. This complicates the interpretation of the results in the FR BMD mus-

cle group.

5 | CONCLUSION

In conclusion, our results indicate that primarily muscles that are further along in the disease process showed changes in T2 heterogeneity and 31P

metabolic indices between groups. No clear changes were found for the DTI indices between groups.
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