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Abstract

Purpose

To characterise the diffusion time-dependence in muscle in healthy adult volunteers, boys
with Duchenne’s muscular dystrophy (DMD) and age-matched controls in a clinically feasible
acquisition time for paediatric applications.

Methods

Diffusion data were acquired using a pulsed gradient stimulated echo diffusion preparation
at five different diffusion times (70, 130, 190, 250, 330ms), at four different b-values (0, 200,
400, 600, and 800 s/mm?) and six directions (orthogonal x, y, and z and diagonal xy, xz, and
yz) and processed to obtain standard diffusion indices (mean diffusivity (MD) and fractional
anisotropy (FA)) at each diffusion time.

Results

Time dependant diffusion was seen in muscle in healthy adult volunteers, boys with DMD and
age-matched controls. Boys with DMD showed reduced MD and increased FA values in
comparison to age matched controls across a range of diffusion times. A diffusion time of
A=190ms had the largest effect size.

Conclusions

These results could be used to optimise diffusion imaging in this disease further and imply
that these diffusion indices may become an important biomarker in monitoring progression

in DMD in the future.



Introduction

Duchenne muscular dystrophy (DMD) is a severe, progressive neuromuscular disorder for
which multiple clinical trials are underway. In view of the variability of clinical course, fat-
fraction and muscle T2-signal intensities have been proposed as non-invasive biomarkers for
clinical trials and monitoring disease progression in DMD. These studies are encouraging and
place muscle MRI at the centre of the efforts to develop novel, non-invasive biomarkers.
Diffusion MRl is used extensively for applications in the brain but less commonly to investigate
the microstructure of muscle. Diffusion MRI has the potential to provide a robust and
sensitive biomarker for monitoring conditions such as muscular dystrophy!3 and other

pathologies affecting muscle tissue by revealing changes in tissue microstructure.

Muscle fibres are much larger than brain white-matter axons and have a complex hierarchical
internal structure®. They are comprised of myofibers which are 1 — 40 mm in length and 10 —
50 um in width; these are packed with myofibrils which are in turn made up of myofilaments
- chains of sarcomeres 2 um in length, arranged end-to-end in bundles®. This is unlike axons
which have mainly been modelled as empty cylinders®, assuming intra-axonal diffusion is
unhindered along the axis of the cylinders, or only hindered perpendicular to the fibre axis by

an external membrane’s8.

Complex configurations or barriers to diffusion are known to form an environment in which
diffusion may exhibit a time-dependence®. The presence of hierarchical structure in human
muscle leads to a marked decrease in the observed diffusion coefficient with diffusion time
in-vivol®!l which we have also recently demonstrated in murine muscle in-vivo'2. The
diffusion time-dependence is sensitive to changes in the internal microstructure of muscle
and therefore likely to be a good candidate as a probe of microstructural change due to the
effects of pathology. Pathological changes may include: increase or decrease in number, size
or permeability of the muscle fibres, inflammation and fibroadipose tissue infiltration.
Sensitivity to several of these changes has been demonstrated previously after a 12-week
exercise program in the human calf muscle!3. An example clinical application would be an
optimal diffusion time for the most sensitive measurement of the effects of pathology on the

apparent diffusion coefficient.



Diffusion time sensitivity in muscle has been demonstrated by varying diffusion time with a
constant b-value to make fibre diameter estimates in human calf muscle!®*4. Despite these
observations, however, characterising the diffusion time-dependence in muscle requires a
large number of acquisitions and can lead to clinically unacceptably long acquisition times. In
this study, we describe an optimised diffusion acquisition protocol based on a vendor-

provided prototype sequence implemented on a clinical 3T MRI system.

Experiments were conducted to examine the time-dependence of the diffusivity D(t) at
several b-values in the human calf muscle of healthy adult volunteers, boys with DMD and
age-matched controls in a clinically feasible scan time considering the paediatric population.
The age range of boys with DMD scanned was between 6 and 9 years as the protocol was
designed to examine microstructural changes before substantial fat infiltration of muscle

tissue is expected to occur.

In order to assess a wide range of diffusion times whilst minimising T2-decay, a Pulsed
Gradient STimulated Echo (PGSTE) diffusion preparation was employed. This has the
advantage of avoiding T2-relaxation effects during the mixing time as the magnetisation is
stored in the longitudinal direction between the diffusion gradient pulses. This allows the
acquisition of relatively long diffusion times without losing signal from T2-dephasing. For
validation of the sequence, diffusion indices were measured in a water-only phantom, where
mean diffusivity (MD) and fractional anisotropy (FA) were expected to remain constant with
diffusion time. The use of the PGSTE preparation requires precise sequence design as
unwanted diffusion-weighting from crusher and slice-select gradients may result without

consideration; this is detailed in the methods section below.



Methods

PGSTE Preparation signal analysis

As the signal is lost more rapidly in muscle than brain due to shorter T2 values'>'” and higher
diffusivity, it was important to utilise a TE under 100 ms and employ low b-values (below 1000
s/mm?) to ensure there was adequate signal in the images. The use of the PGSTE preparation
in the diffusion sequence facilitates long diffusion times with short TE'®, However, the PGSTE
preparation may suffer unwanted diffusion-weighting from crusher and slice-select gradients
which must be accounted for by careful sequence design and the use of a b-matrix corrected
for ‘cross terms’ in the analysis of the images®; otherwise the signal may be biased at low b-
values.

This study uses an optimised diffusion acquisition protocol based on a prototype sequence
provided by the vendor, which combines a Pulsed Gradient STimulated Echo (PGSTE) diffusion
preparation with an echoplanar imaging module (EPI). It has a similar spoiling scheme to
Kleinnijenhuis et al.'® and was first utilised in Noehren et al.?° It employs balanced slice-select
gradients yielding a vanishing 0" moment during the mixing time, thus mitigating their impact
on diffusion encoding. A pair of crusher gradients are applied if the implicit spoil moment of
the diffusion-encoding gradients becomes insufficient to suppress signal contributions from
undesired coherence pathways, as for example from the free induction decays generated by
each of the applied RF pulses. Given the long duration between the two gradients, even small
spoil moments will generate a non-negligible diffusion weighting, and all adverse
contributions are considered when calculating the b-matrices used by the tensor estimations.
These adverse contributions include all gradients of the diffusion-encoding module (diffusion
gradients, crusher gradients (if any), slice-selection gradients) which affect the transversal
magnetisation (this excludes any gradients applied between the centres of the store/restore
RF-pulses). The b-matrices are calculated by the sequence and provided in the DICOM header

for use by off-line processing programs.

PGSTE Preparation Validation — Water-only Phantom Measurements

Data were acquired on a clinical 3T scanner (MAGNETOM Prisma, Siemens Healthcare,
Erlangen, Germany) using a 64-channel head coil. A PGSTE diffusion preparation in

combination with an echoplanar imaging module was used. Scanning took place at room



temperature. This set of images was acquired to verify there was no intrinsic bias in the PGSTE
preparation by measuring the MD and FA in a de-ionised water-filled falcon tube placed in a

water bath at each diffusion time.

Diffusion data were acquired with a PGSTE preparation with pulse duration 10 ms and 7
diffusion times (A) of 52, 100, 150,200, 250, 300 and 350 ms, each acquired at b-values of O,
800, 1000, 1200, 1400, 1800 and 2000 s/mm?. For the b=0 image, the actual b-value (obtained
from the corrected b-matrix) varied from 10 s/mm? for A=52 ms, up to 90 s/mm? for A=350
ms due to contributions from the imaging gradients. Voxel size was 2x2 mm? with a slice
thickness of 3 mm (matching the parameters used for in-vivo measurements as described
below), and a TE and TR of 50 ms and 2500 ms, respectively. This acquisition set was repeated
in the same session with 24 non-collinear directions and a 6-direction set from the in-vivo

acquisition (see in-vivo measurements section).

In-vivo Measurements - Volunteers

Six healthy volunteers (4 females, 2 males; range 24-49 years old; average 35 years old) were
imaged using a 15-channel knee coil. Volunteers were positioned with their right calf in the
centre of the coil in the feet-first supine position. PGSTE diffusion data were acquired with
pulse duration (0) 10ms at 5 different diffusion times of 70, 130, 190, 250, 330 ms in each of
6 directions (orthogonal x, y, and z and diagonal xy, xz, and yz). B-values of 0, 200, 400, 600,
and 800 s/mm? with 1, 4, 5, 6, 6 averages respectively were used. Voxel size was 2x2 mm?
with a slice thickness of 3 mm, and a TE and TR of 50 ms and 2800 ms, respectively, with
spectral attenuated inversion recovery fat suppression. For the b=0 image, the actual b-value
(obtained from the corrected b-matrix) varied from 15 s/mm? for A=70 ms, up to 85 s/mm?
for A=330 ms due to contributions from the imaging gradients. Acquisition time per diffusion
time was 7:03 mins with a total time of 35:15 minutes. A water/fat separation sequence (T2-
weighted fat-saturated turbo-spin-echo sequence, TE 73 ms, TR 3500 ms, pixel size 0.36x0.36
mm? with slice thickness of 3 mm) was also acquired to provide anatomical fat and water

images.

In-vivo Measurements — Boys with DMD and Age-matched Controls




Five boys with DMD (range 6-9 years old; average 7.8 years old) and five age-matched male
controls (range 6-10 years old; average 8.2 years old) were imaged with the same protocol as
the volunteers described above. Ethical approval was granted for this study (12/L0/0442).
The diagnosis of DMD was documented by genetic testing. The MR procedure was explained
to the boys and they gave verbal consent, written consent was signed by a parent/legal
guardian.

Acquisition time per diffusion time was again 7:03 mins with a total time of 35:15 minutes.
Due to signal dropout caused by movement, one scan from a boy with DMD had to be
excluded. Although the calf was held in place with padding, and the boys were verbally asked
to keep as still as possible, the calf muscles can still be tensed during the acquisition, and this

caused irreversible signal dropout in areas of the calf in this diffusion scan.

Phantom Data Processing

Data were pre-processed using Tractor (http://www.tractor-mri.org.uk/). The use of FSL
topup and eddy correction was only possible using a 24-direction acquisition as these pre-
processing steps require a minimum number of diffusion directions (details can be found in

the FSL manual https://fsl.fmrib.ox.ac.uk/fsl/fslwiki/eddy). Six-direction data, matching the

six directions used in the in-vivo work below, were extracted from the corrected 24-direction
data to compare to the non-corrected six-direction data. Tensor fitting was performed at each
diffusion time using FSL with a weighted least-squares fit. The acquisition sets were first
processed with 24 directions, then 6 directions from the in-vivo acquisition, and finally 6

directions extracted from the 24 directions matching the 6 directions acquired in-vivo.

Volumes of interest (VOIs) were placed in the water phantom on the MD images
reconstructed at the shortest diffusion time and then copied on to the rest of the maps using

MIPAV (https://mipav.cit.nih.gov/). Signal-to-noise ratios (SNR) were also calculated on the

raw data with a larger VOI in the water bath surrounding the falcon tube using two repeated
diffusion images in the same gradient direction. SNR was calculated at two b-values (800 and
2000 s/mm?) using either the 24-direction set or the in-vivo 6-direction set at each diffusion
time to assess the changes in signal as diffusion time is increased. This followed the methods
for a repeated-image SNR measurement in the presence of multi-channel coils and parallel-

imaging as detailed in Dietrich et al??.



In-vivo Data Processing

As with the phantom acquisitions, data were processed using Tractor, and tensor fitting was
performed at each diffusion time using FSL using a weighted least-squares fit. VOIs were
drawn using MIPAV in the tibialis anterior (TA) muscle on the BO images at the shortest
diffusion time with reference to the fat and water anatomical images.

As the main purpose of this pilot study was to study the microstructure and diffusion indices
before fat infiltration when the muscle function may still be recoverable, the TA muscle was
chosen for analysis due to its parallel and linear orientation to BO, and non-visible fat
infiltration. Successful fat suppression nulls the fat signal across the field-of-view, mitigating
the chemical shift artifact, but leads to muscles with greater fat infiltration typically exhibiting
reduced signal and poorer SNR as just the contribution from water remains. Moreover, each
of the four boys with DMD has different levels of fat infiltration in other muscles which would
add another variable into this pilot group. An examination of these effects in the lateral
gastrocnemius muscle is included in the Supporting Information and shown in Supporting
Information Figure S4.

All images at all b-values were included to use all available data in the calculation as our
experiment was not designed to provide the redundancy of data required to optimise for b-
value, only to assess the effect of diffusion time. MD, FA and principal eigenvectors were
analysed in each voxel of interest. Angular dispersion of eigenvectors was calculated relative

to the spherical mean of all directions in the ROl using the dot product.



Results

PGSTE preparation Validation - Phantom Measurements

An analysis of any bias in the signal value due to unsuitable gradient application using the
PGSTE preparation in given in the Supporting information. No unexpected signal changes
were seen (Supporting Information Figure S1). Graphs of MD and FA calculated in the
microstructure phantom and in free water for the 24-direction set, 6 directions extracted
from the 24 directions matching the in-vivo 6-direction set, and the in-vivo 6-direction set is
shown in Supporting Information Figure S2. The data using 24 directions shows less variation
across the diffusion times in free water, but higher SNR and lower variance would be expected
with extra data points. No significant time-dependence is observed for MD values in free
water, but a small bias is observed — a difference of 0.03x103 in the means at A=52 ms and
350 ms of the 24-direction set. It is likely that this is due to Rician bias (or alternatively a
positive noise floor from a non-central Chi distribution of noise) from the increasing noise in
the images with increasing diffusion time. Estimation and removal of noise in DWI images is
non-trivial and imperfect, and as the error in tensor calculation with the 6-direction set used
in-vivo is greater due to fewer data points, it was not performed. This bias is also observed
for FA — a difference of 0.0037 in the means at A=52ms and 350ms of the 24-direction set.

Signal-to-noise ratios calculated for one gradient direction at b =800 and b = 2000 using either
the 24-direction set or the 6-direction set are shown in Supporting Information Figure S3. We

observed no apparent difference in SNR with diffusion time.

In-vivo measurements - Volunteers

Example fat, water, BO, MD and FA images from one male 39-year-old healthy volunteer are
shown in Figure 1. The BO image shows visible delineation of the muscle groups with
acceptable distortion, though incomplete fat-suppression. Quantitative results are shown in
Figure 2. The mean MD decreases from 1.31 x 103 mm?/s at A=70 ms to 1.08 x 103 mm?/s at
A=330 ms. Mean FA increases from 0.31 at A=70 ms to 0.40 at A=330 ms. Significance
between the minimum and maximum diffusion times was P<0.0001 for MD and <0.0001 for
FA. Box plots for all diffusion parameters in healthy volunteers (MD, FA, A1, A2 and A3) are

shown in Supporting Information Figure S5.

10



Angular dispersion of eigenvectors was calculated relative to the spherical mean direction in
the ROl using the dot product and is shown in Supporting Information Figure S6. We observed
a mean angular deviation of 13.3 degrees (standard deviation (SD) 6.3 degrees) at A=70 ms
and of 12.3 degrees (SD 5.3 degrees) at 330 ms. There was no significant difference in angular

dispersion between these two diffusion times (P=0.63).

In-vivo measurements — Controls and Boys with DMD

Example fat, water, BO, MD and FA images from a representative boy with DMD and
representative age-matched control are shown in Figure 3. Fat infiltration is seen in the DMD
images. Images of all participants at diffusion time 70 ms are shown in Supporting Information
Figure S7. MD and FA images at all diffusion times from the boy with DMD and age-matched

control in Figure 3 are shown in Supporting Information Figure S8.

Quantitative results for MD and FA are shown in Table 1 and graphically in Figure 4. Box plots
for diffusion parameters in controls and boys with DMD (MD, FA, A1, A2 and A3) are shown
separately in Supporting Information Figures S9 and S10, respectively. In Table 1, we have
calculated Cohen’s-d effect size for MD and FA at each diffusion time. This provides a robust
guantification of the observed differences in the data acquired; these are given as a guide for

choice of diffusion parameters and power calculations for future studies.
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Discussion

A time-dependent diffusion imaging protocol has been acquired in muscle in a clinically
feasible scan time of 7 minutes per diffusion time for healthy adult volunteers, boys with DMD
and in age-matched controls. Images are of good quality with acceptable fat suppression. MD
showed a strong time-dependence in healthy muscle, decreasing with diffusion time, as
expected. This is in agreement with the results found by Porcari et al in mice'? and human
measurements!3. Fractional anisotropy also showed a distinct increase with diffusion time.
In this exploratory study, boys with DMD showed increased MD and decreased FA values in
comparison to age-matched controls across a range of diffusion times in the TA muscle. This
agrees with results by Hoojimans et al.3. This implies a change in the microstructure, such as
a possible increase in permeability of the injured muscle fibres with the corresponding
decrease in directionality or FA as water passes more quickly between the microstructural
compartments. The TA muscle was chosen for analysis as it has the most normal macroscopic
appearance on the fat/water images in this set of early stage, still ambulatory boys with DMD.
However, differences between normal and pathological muscle tissue diffusion indices are
still seen at all diffusion times. Diffusion MRI is able to provide quantitative measures of
alteration in microstructure before qualitative changes in appearance on anatomical images.
A diffusion time of 190 ms had the largest effect size in separating control and disease states
and is a basis for the optimisation of diffusion time for this patient group. Specifically, these
results indicate that longer diffusion times than those routinely used in diffusion imaging
(typically <100 ms) may maximise the sensitivity of conventional DTI metrics such as MD and
FA for application as a biomarker in DMD. For example, the work by Porcari et al. found that
the strongest differences in diffusion indices between a pathological mouse model of DMD
and controls was at long diffusion times (>250 ms).

Further work to optimise the choice of b-values and the selection of a single diffusion time
for specific study protocols will be useful - dependant on an individual centre’s scanner
capability and time available for scanning. A single b-value with a high number of directions
(12 or more) may be found to provide sufficient information in a single acquisition. The lower
b-values (200s/mm?, 400s/mm?) require less averages to boost the reduced signal in the

PGSTE sequence minimising acquisition time further.
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This finding underlines the potential for diffusion MRI to become established in the future as
an important biomarker in DMD and other similar neuromuscular pathologies. Further work
with a larger number of patients is now required to confirm and extend these results. Such
studies should carefully compare existing MRI biomarkers in DMD such as Dixon fat/water

content and T2-measurements in comparison to long diffusion time MRI as described here.

Conclusion

We have demonstrated that time-dependent diffusion in muscle can be imaged in a clinically
feasible scan time using modern clinical MRI equipment, and further that distinct differences
are observed in diffusion metrics between boys with DMD and healthy controls. Further
studies are now warranted in larger cohorts including comparison with existing MRI

biomarkers such as T2-mapping and Dixon fat/water imaging.
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Table and Figures

Figure 1: Example fat, water, BO, MD and FA images at diffusion time 70ms from one male
39-year-old healthy volunteer
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Mean Diffusivity values by Diffusion Time
in Healthy Volunteers
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Figure 2: Box-and-whisker plots of MD and FA in healthy volunteers plotted by diffusion
time. Whiskers are 5% to 95% percentile.

Figure 3: Example fat, water, BO, MD and FA images at diffusion time 70ms from a control
participant (top row, age 8 years) and a boy with DMD (bottom row, age 8 years)
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Mean Diffusivity values by Diffusion Time
in Controls and Patients
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Figure 4: Box-and-whisker plots of MD and FA in controls and patients plotted by diffusion
time. Whiskers are 5% to 95% percentile.



MD x 10’3

mm2.s-L A=70ms = A=130ms A=190ms A=250ms A=330ms
Controls 1.05+0.27 0.95+0.25 0.88+0.24 0.85+0.25 0.83%0.25
DMD 1.12+0.27 @ 1.02+0.23 @ 1.00£0.25 0.93+0.25 0.94+0.24
FA A=70ms A=130ms A=190ms A=250ms A=330ms
Controls 0.43+0.16 0.48+0.18 0.53+0.18 0.57+0.18 0.58+0.19
DMD 0.40+£0.13 0.44+0.14 0.47+0.14 0.50+0.18 0.49+0.17
Effect size A=70ms A=130ms A=190ms A=250ms A=330ms

MD 0.88 1.08 3.96 0.69 1.60

FA -0.57 -1.05 -1.89 -0.75 -1.26

Table 1 Average MD and FA values (= SD) in controls and boys with DMD for each diffusion
time. Cohen’s d effect sizes were calculated for controls and boys with DMD at each diffusion
time to act as a guide to optimal diffusion time selection

Supporting Information Figure Captions

Supporting Information Figure S1: Signal values in a simple free-water phantom acquired
using the PGSTE sequence over a range of b-values and diffusion times. Signal value data
points are connected with a simple line rather than an exponential fit to demonstrate any step
changes in signal more easily. Each data point is the average of 12 measurements, standard
deviation values were between 1.1 and 7.9 with an average of 3.9 and therefore the error bars
are not discernible on the graph.

Supporting Information Figure S2: Graphs of Mean Diffusivity values and Fractional
Anisotropy in free water. Dataset for the 24-direction set is shown in blue, for 6-direction set
in green, and the matched 6-direction set extracted from the 24-direction set in red. Error
bars are one standard deviation

Supporting Information Figure S3: Signal-to-noise ratios for one gradient direction calculated
at two b-values 800 and 2000 s/mm? for the 24-direction set and the in-vivo 6-direction set
at each diffusion time

Supporting Information Figure S4: Box-and-whisker plots of MD and FA in controls and
patients plotted by diffusion time in the lateral gastrocnemius muscle. Whiskers are 5% to
95% percentile.

Supporting Information Figure S5: Box-and-whisker plots of MD, FA and eigenvalues in
healthy adult volunteers plotted by diffusion time in Tibialis Anterior muscle. Whiskers are
5% to 95% percentile.
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Supporting Information Figure S6: Box-and-whisker plots of the distribution of angular
deviation of the principal eigenvector from the spherical mean direction in degrees in
healthy volunteers. Whiskers are 5% to 95% percentile.

Supporting Information Figure S7: Fat (F), water (W), BO, Mean Diffusivity (MD) and
Fractional Anisotropy (FA) images at diffusion time 70ms of all age-matched controls (C) and
Boys with Duchenne’s (P). Regions of interest are shown on the BO images.

Supporting Information Figure S8: Example control and patient images for all diffusion times
in one control and one boy with DMD (as Figure 3 in main paper). Diffusion times were 70,
130, 190, 250 and 330ms. MDD and FA images are scaled identically for all diffusion times
(MD 0.0-0.2 x 10 mm? s, FA 0.0-0.7)

Supporting Information Figure S9: Box-and-whisker plots of MD, FA and eigenvalues in
healthy controls plotted by diffusion time in Tibialis Anterior muscle. Whiskers are 5% to 95%
percentile

Supporting Information Figure S10: Box-and-whisker plots of MDD, FA and eigenvalues in boys

with DMD plotted by diffusion time in Tibialis Anterior muscle. Whiskers are 5% to 95%
percentile
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Supporting Information

PGSTE sequence signal analysis

We expected that a switching of spoiler gradients (see methods section “PGSTE preparation
signal analysis” in the main paper) between b-values would manifest as a step change in
signal, and therefore an analysis of the acquired signal was undertaken (see methods section
for details of management of the gradients in the PGSTE preparation). Data were acquired on
a 3T MAGNETOM Prisma with a maximum gradient strength of 80 mT/m (Siemens Healthcare,
Erlangen, Germany) using a 64-channel head coil in a simple free-water phantom consisting
of a sample tube doped with gadolinium (0.2%). An IR-TSE T1 map was first acquired of the
phantom (TR 12000ms; TE 13ms, and IR values of 400, 600, 1000, 1500 and 2000 ms) and the
T1 calculated. This was found to be an average of 1405ms. The PGSTE sequence was applied
over the range of expected b-values (0, 200, 400, 600, 800, 1000, 1200, 1400, 1600, 1800 and
2000s/mm?) and diffusion times (55, 100, 150, 200, 250,300, 350 ms). Signal curves are
plotted from a VOI placed over the signal tube for each diffusion time.

Results

There were no unexpected signal changes in the diffusion signal value acquired using the free-
water phantom (Supporting Information Figure S1). The curves are smooth with no
unexpected step changes where the signal had been affected by a miscalculation of gradient

application.



Signal value in free water at varying b-values and diffusion
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Supporting Information Figure S1: Signal values in a simple free-water phantom acquired
using the PGSTE sequence over a range of b-values and diffusion times. Signal value data
points are connected with a simple line rather than an exponential fit to demonstrate any step
changes in signal more easily. Each data point is the average of 12 measurements, standard
deviation values were between 1.1 and 7.9 with an average of 3.9 and are therefore the error
bars are not discernible on the graph.



Supporting Information Figure S2: Graphs of Mean Diffusivity values and Fractional
Anisotropy in free water. Dataset for the 24-direction set is shown in blue, for 6-direction set

in green, and the matched 6-direction set extracted from the 24-direction set in red. Error
bars are one standard deviation



Supporting Information Figure S3: Signal-to-noise ratios for one gradient direction calculated
at two b-values 800 and 2000 s/mm? for the 24-direction set and the in-vivo 6-direction set
at each diffusion time

Choice of Region of Interest in Analysis for this paper

There are several reasons for choosing a macroscopically non-fat infiltrated muscle for
analysis. Firstly, each of the four patients has different levels of fat infiltration in other
muscles, introducing another variable into a small group. Secondly, muscle with greater fat
infiltration typically exhibits reduced water diffusion signal resulting in reduced SNR. Shown
below are the results for a ROl in the lateral gastrocnemius muscle. This muscle has varying
levels of fat infiltration in each of the four patients, affecting the analysis.

As can be seen in Supporting Information Figure S4 below, the control MD and FA indices
are similar to TA muscle results, but the MD results exhibit larger variation. They are
confounded by variation in fat infiltration, lack of signal, or a combination of both.
Interestingly, the FA results show less sensitivity, but as FA is lower in the patients it may
not be as sensitive a measure overall. As the main purpose of this pilot study was to study
the microstructure and diffusion indices before fat infiltration, when the muscle function

may still be recoverable, we have concentrated on the TA muscle.



For further work, it is possible that in a larger group that fat infiltration could be assessed by
a standard chemical shift method, the patients stratified into groups e.g., 0-10%, 10-20%
etc. and the diffusion indices may be of interest. SNR would still be low, so perhaps using an
optimised single b-value at an optimised diffusion time could boost the signal by adding

more averages, but this is outside the scope of this project.
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Supporting Information Figure S4: Box-and-whisker plots of MD and FA in controls and
patients plotted by diffusion time in the lateral gastrocnemius muscle. Whiskers are 5% to
95% percentile.
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Supporting Information Figure S5: Box-and-whisker plots of MD, FA and eigenvalues in

healthy adult volunteers plotted by diffusion time in Tibialis Anterior muscle. Whiskers are
5% to 95% percentile.
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Supporting Information Figure S6: Box-and-whisker plots of the distribution of angular

deviation of the principal eigenvector from the spherical mean direction in degrees in
healthy volunteers. Whiskers are 5% to 95% percentile.



Supporting Information Figure S7: Fat (F), water (W), BO, Mean Diffusivity (MD) and
Fractional Anisotropy (FA) images at diffusion time 70ms of all age-matched controls (C) and
Boys with Duchenne’s (P). Regions of interest are shown on the BO images.



Supporting Information Figure S8: Example control and patient images for all diffusion times
in one control and one boy with DMD (as Figure 3 in main paper). Diffusion times were 70,

130, 190, 250 and 330ms. MDD and FA images are scaled identically for all diffusion times
(MD 0.0-0.2 x 10 mm? s, FA 0.0-0.7)
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Supporting Information Figure S9: Box-and-whisker plots of MD, FA and eigenvalues in
healthy controls plotted by diffusion time in Tibialis Anterior muscle. Whiskers are 5% to 95%

percentile
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Supporting Information Figure S10: Box-and-whisker plots of MD, FA and eigenvalues in boys
with DMD plotted by diffusion time in Tibialis Anterior muscle. Whiskers are 5% to 95%

percentile



