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Abstract

MRI is a helpful tool for monitoring disease progression in late-onset Pompe disease

(LOPD). Our study aimed to evaluate if muscle diffusion tensor imaging (mDTI) shows

alterations in muscles of LOPD patients with <10% fat-fraction. We evaluated 6 thigh

and 7 calf muscles (both legs) of 18 LOPD and 29 healthy controls (HC) with muscle

diffusion tensor imaging (mDTI), T1w, and mDixonquant sequences in a 3T MRI scan-

ner. The quantitative mDTI-values axial diffusivity (λ1), mean diffusivity (MD), radial

diffusivity (RD), and fractional anisotropy (FA) as well as fat-fraction were analyzed.

6-Minute Walk Test (6-MWT) data were correlated to diffusion metrics. We found

that mDTI showed significant differences between LOPD and HC in diffusion param-

eters (P < .05). Thigh muscles with <10% fat-fraction showed significant differences

in MD, RD, and λ1-3. MD positively correlated with 6-MWT (P = .06). To conclude,

mDTI reveals diffusion restrictions in muscles of LOPD with and without fat-

infiltration and reflects structural changes prior to fatty degeneration.

Abbreviations: 6-MWT, 6 Minute Walk Test; CK, creatine-kinase; ERT, enzyme replacement therapy; GAA, acid-alpha-glucosidase; λ1, axial diffusivity; GSD II, glycogen storage disorder type II;

HC, healthy control; LOPD, late-onset Pompe disease; mDTI, muscle diffusion tensor imaging; MRC, Medical Research Council; RD, radial diffusivity.
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1 | INTRODUCTION

Late-onset Pompe disease (LOPD) is an autosomal-recessive

hereditary glycogen storage disorder glycogen storage disorder type

II that leads to reduced or diminished function of the enzyme acid-

alpha-glucosidase (GAA), causing tissue damage via lysosomal

glycogen accumulation.1,2 The skeletal muscle involvement is het-

erogeneous, affecting hamstring, paraspinal, and leg adductor mus-

cles prior to others. Those muscles are also the first to show fatty

degeneration in the lower body region in quantitative MRI

sequences.3-6 In order to monitor new therapeutic approaches and

to identify disease activity in skeletal muscles non-invasively, sensi-

tive and quantitative MR-imaging markers are essential. While T1w

sequences show fat-infiltrated regions qualitatively, Dixon imaging

sequences offer exact quantification of the amount of fat within a

skeletal muscle due to chemical shift measurement and post

processing algorithms.7 In LOPD and dystrophic myopathies, Dixon

imaging techniques measure fatty degeneration over time and are

thereby able to quantify individual disease progression when fatty

degeneration is already present.3,6,8-12 Pathology of LOPD includes

progressive glycogen and debris accumulation in skeletal muscles

ultimately resulting in fatty degeneration. Imaging sequences that

are both able to delineate possible disease-specific features prior to

fatty degeneration and to quantify fat content are therefore of inter-

est. Muscle diffusion tensor imaging (mDTI) can provide information

about muscular microstructure and integrity by quantifying the

directional diffusion properties of water molecules in muscle tis-

sue.13-15 By quantifying water diffusion in muscles, mDTI could pro-

vide additional sensitive information about microdamage.

mDTI has already shown disease-specific patterns of altered mus-

cle architecture for various myopathies and identified changes of sub-

clinical progression in hamstring muscles after long-distance

running.14,16,17 mDTI is thought to be of complementary value to

quantitative MRI sequences, such as T2 mapping and Dixon fat quan-

tification.15,16,18,19 As mDTI highlights changes in water diffusion, it

might also be of use in monitoring patients with LOPD, especially in

providing additional information about muscles that do not yet show

fatty degeneration.

In LOPD, mDTI has not yet been evaluated with regard to its abil-

ity to show disease-specific muscle diffusion alterations. Thus, the

aims of our study were to: (a) evaluate if mDTI showed differences in

diffusion metrics in the leg muscles of LOPD patients; (b) evaluate if

mDTI showed alterations in muscles of LOPD patients with <10% fat-

fraction. Those muscles normally appear “healthy” on conventional

MR images. A deviance in mDTI parameters might then point toward

a disease-specific muscle alteration. (c) Test if diffusion metrics corre-

lated with 6-Minute Walk Test (6-MWT) data.

2 | METHODS

2.1 | Study design

This prospective study had been approved of by the local ethics commit-

tee of the Ruhr-University Bochum (No.: 15–5281) and written informed

consent was obtained from all participants prior to enrollment.

The inclusion criterion for the LOPD cohort was a genetically con-

firmed diagnosis of LOPD. Exclusion criteria were contraindications for

MRI examination and other co-existing neuromuscular diseases.

Healthy controls were recruited within the working environment of the

research group. Some members of the healthy control cohort served as

controls for another recent study by our group.20 Each participant was

examined clinically by an experienced neurologist.

2.2 | Clinical evaluation

Each extremity was tested for strength based on the Medical Research

Council (MRC) grading scale by a clinical neurologist with the patients

supine. The following movements were tested for each leg individually:

hip flexion, hip extension, knee flexion, knee extension, ankle dors-

iflexion, and ankle plantar flexion. The MRC mean value for both legs

combined is presented as “muscle strength”. The 6-Minute Walk Test

(6-MWT) was performed after the MRI scan by an experienced medical

technical assistant. Participants were asked to walk as fast as possible

(no jogging or running) during a time-span of 6 min circling the stan-

dardized track in our gym according to the guideline for the 6-MWT.21

The distance was measured in meters / 6 min.

The results of the 6-MWT were compared with previously

obtained 6-MWT data of the same age range. We calculated the dis-

tance of a healthy person in the 6-MWT according to Troosters et al.

using the following equation22:

6−MWTpred = 218+ 5:14�height�100– 5:32�ageð Þ

− 1:8�weight + 51:31�genderð Þ:

Male= 1,Female = 0:

2.3 | MRI protocol

MRI was performed using a 3T MRI (Achieva 3T X, Philips medical

Systems) and a 16-channel Torso coil (Philips TorsoXL). The thigh

region from hip to knee was divided into three fields of view (FOV) of

480x264x150 mm3 along the z-axis (stacks) to avoid shimming arti-

facts occurring due to large FOV. The stacks had a 10 mm overlap to
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allow accurate merging. The MRI acquisition protocol for each FOV

comprised T1-weighted (T1w), T2-weighted (T2w), diffusion weighted

imaging (DWI), as well as one noise measurement (by turning off the

RF and imaging gradients), with a total acquisition time of approxi-

mately 27 min for both thighs (9 min per FOV).17,20,23 In addition, a

Dixon fat-quantification sequence (mDixonquant) was acquired. After

the image acquisition of the thigh-regions, the data acquisition was

paused, and the coil was wrapped around the lower leg region; scan-

ning continued afterward.

The lower leg region was divided into two FOVs with the same

imaging protocol as used for thighs with a total acquisition time of

approximately 18 min for both lower legs (9 min per FOV). See

Table S1 for acquisition details.

2.4 | Data processing

Data were processed using QMRITools (github.com/mfroeling/

QMRITools running under Mathematica 11). Data preprocessing

was performed akin to Schlaffke et al.23 T1w and T2w data of the

individual stacks were corrected for motion between the stacks

using rigid registration of the overlapping slices. Diffusion data

were denoised using a principal component analysis method.24

Next, the diffusion data was corrected for subject motion and eddy

current distortions by using affine registration and aligned to

T2-data by using non-rigid registration. Finally, the aligned and

corrected T1w, T2w and DWI data were fused by weighted aver-

aging of the overlapping slices, yielding one volume covering the

entire thighs and calves.

The diffusion tensor was estimated from the corrected and mer-

ged diffusion data using an iWLLS tensor estimation with outlier

detection.25 From the tensor, the three eigenvectors ν1-3 and their

scalar, the eigenvalues λ1-λ3, were calculated for each voxel. Frac-

tional anisotropy (FA) and mean diffusivity (MD) were calculated

based on the three eigenvalues.

The mDixonquant sequence allows the online reconstruction of

fat-fraction maps directly on the MR host computer.

2.5 | Tractography

Whole leg deterministic tractography was performed akin to Basser

et al. using the Matlab based ExploreDTI toolbox.26,27 A seed grid of

3x3x3 mm3 was used to start deterministic tractography. Fibers were

terminated if FA was lower than 0.1 or higher than 0.6, angle between

2 tensors was higher than 15�, or step size between to tensors was

higher 1.5 mm.17,23

2.6 | Muscle segmentation

In total, six thigh and seven calf muscles were segmented. Thigh: vastus

lateralis, vastus medialis, rectus femoris, biceps femoris (long and short

head), semimembranosus, semitendinosus. calf: extensor digitorum

longus, gastrocnemius lateralis and medialis, soleus, peroneus (peroneus

longus and brevis), tibialis anterior and posterior. Segmentation was

performed via (a) tractography and (b) manually using T1 data. Based

on whole leg tractography, the six thigh and seven calf muscles were

manually segmented using “seed” and “not” gates, to obtain

tractography data (λ1, MD, RD, FA) for each muscle separately.23

Manual segmentation of all muscles was performed based on the

T1w images by drawing regions of interest (ROIs) on every slice of the

T1 weighted data set to generate muscle specific masks. This was

done by a single examiner. The resulting masks were subsequently

eroded by one voxel to avoid including fascia. The masks derived were

superimposed on mDixonquant fat-fraction maps (if available) to

obtain muscle specific fat-fractions. Whole thigh and calf fat-fraction

data were calculated as the mean of the average fat-fraction of the

individual muscles.

2.7 | Statistical analyses

Available fat-fractions were compared between LOPD patients and

healthy controls in a general linear model with patient/control, body

side, and muscle (to control degrees of freedom for multiple test points

per subject) as fixed factors for thigh and calf muscles separately.

The mDTI parameters λ1, MD, RD, and FA were analyzed in a

multivariate general linear model with patient/control, body side, and

muscle as fixed factors. In a subsequent analysis, all muscles with a

fat-fraction higher than 10% (or without assessed fat-fraction) were

excluded, to evaluate the diffusion differences between controls and

low-fat LOPD muscles.

Muscle fat-fraction values in the low-fat analysis were compared

between healthy controls and LOPD to show an equal FF distribution

in all muscles between groups.

The cutoff value for all low-fat muscles was based on the healthy

control group. The highest fat content in the control group was

detected in the biceps femoris muscle with 7.1% (SD of 3.2%). Thus,

F IGURE 1 Number of healthy controls (HC) and late onset
pompe disease (LOPD) patients with Dixon imaging and 6 minute
walk test (6-MWT). 6-MWT and number of cases used for the low-fat
analysis (ff = fat-fraction)
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the cutoff value was defined as follows: highest mean fat-fraction in

healthy controls +1x SD: � 10%.

Significance level was set to P < .05 and adjusted for multiple

comparisons using the Benjamini-Hochberg procedure. All diffusion

parameters of all thigh muscles were correlated to the 6-MWT data

using Pearson´s r correlation coefficients.

3 | RESULTS

3.1 | Study participants

In the LOPD group there were 8 females and 10 males (mean age

38.7 years, range: 16–71 yrs). The control cohort was composed of

15 females and 15 males (mean age 31.1 years, range: 21–53 years).

For demographic and clinical data of the LOPD patients, see

Table 1. Body measures of the control group and the LOPD patients

are summarized and compared in the Supplementary Information

Table S2, which is available online.

Muscle strength analysis revealed normal muscle strength for all

healthy controls (5/5 on MRC scale) and slightly reduced strength

(4.8/5) for LOPD patients (see Table 1 for details). One healthy con-

trol had to be excluded from the analysis due to motion artifacts. The

dixon fat-quantification (Dixonquant) was successfully acquired for

the thigh muscles in ten healthy controls and 15 LOPD patients. Due

to water-fat swaps (errors in the reconstruction) we had to exclude

five calf data sets from healthy controls and eight calf datasets for

LOPD patients (see Figure 1). The average fat-fraction was signifi-

cantly higher in both calf and thigh muscles in patients than in con-

trols. See Table 2 for detailed fat-fraction data.

A representative T1w image, as well as a fat-fraction map, an FA

map and an MD map of a LOPD patient and a matched control are

shown in Figure 2. All diffusion parameters were significantly differ-

ent between patients and controls in the thigh muscles. In the

calf, all parameters except for FA showed a significant difference

(Table 3).

When comparing only muscles with less than 10% fat-fraction, all

diffusion parameters except FA showed significant differences in the

thigh muscles, whereas the signal to noise ratio in these muscles,

which was estimated based on the noise measures, was comparable

between groups: control 19–62, mean 41.7 ± 9; LOPD 17–64, mean

40.0 ± 8 (P = .166). None of the diffusion parameters (except FA)

showed a significant correlation with the fat-fraction. No significant

differences in diffusion metrics were found in the calf muscles

with<10% fat-fraction (Table 3).

Figure 3 shows the mean values of the diffusion parameters of

the individual low-fat thigh muscles. Mean and radial diffusivity were

significantly higher in controls than patients in some of the thigh mus-

cles (see Figure 3). The MD of the thigh muscles revealed a moder-

ately positive correlation with the walking distance (in meters)

achieved during the 6-MWT (see Figure 4). Other diffusion parame-

ters did not show a significant correlation.

F IGURE 2 Example images of the applied MRI sequences. Upper leg: axial slices of MR images; proximal thigh muscles of late onset pompe
disease (LOPD) patient and healthy control (HC). MRI sequences from left to right: T1w, mDixon fat-fraction, fractional anisotropy (FA), mean
diffusivity (MD). T1w, mDixon, FA, and MDmap show fatty infiltration and signal alteration in posterior thigh muscle compartment. Lower leg: axial

slices of MR images; proximal calf muscles of LOPD patient and HC. No visible alterations [Color figure can be viewed at wileyonlinelibrary.com]
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F IGURE 3 Diffusion metrics of thigh muscles with fat-fraction <10%. λ1, lambda 1; RD, radial diffusivity; MD, mean diffusivity; FA, fractional
anisotropy; VL, vastus lateralis; VM, vastus medialis; RF, rectus femoris; SM, semimebranosus; ST, semiteninosus; BF, biceps femoris;
MGM, medial gastrocnemius; LGM, lateral gastrocnemius; SOL, soleus; TA, tibialis anterior; PM, peroneal; EDL, extensor digitorum longus;
TP, tibialis posterior. Asterisks indicate significant post-hoc t-test (P < .05)

TABLE 3 Diffusion metrics for controls and patients

Upper leg All controls (n = 29) All patients (n = 18) P Controls ff < 10% (n = 10) Patients ff < 10% (n = 12) p

λ1 2.05 ± 0.12 1.97 ± 0.13 <.0001* 2.05 ± 0.11 1.99 ± 0.11 .001*

MD 1.67 ± 0.09 1.60 ± 0.11 <.0001* 1.67 ± 0.08 1.62 ± 0.08 .002*

RD 1.49 ± 0.09 1.42 ± 0.11 <.0001* 1.48 ± 0.08 1.44 ± 0.07 .010*

FA 0.20 ± 0.03 0.21 ± 0.03 <.0001* 0.21 ± 0.03 0.20 ± 0.03 .325

Lower leg All controls (n = 29) All patients (n = 18) P Controls Ff < 10% (n = 5) Patients Ff < 10% (n = 7) P

λ1 2.08 ± 0.15 2.04 ± 0.16 .003* 2.02 ± 0.18 2.05 ± 0.17 .214

MD 1.70 ± 0.13 1.66 ± 0.12 <.0001* 1.66 ± 0.10 1.66 ± 0.17 .879

RD 1.51 ± 0.12 1.49 ± 0.17 .007* 1.48 ± 0.10 1.50 ± 0.12 .475

FA 0.20 ± 0.02 0.20 ± 0.02 .541 0.20 ± 0.03 0.20 ± 0.02 .180

Note: P-Values are derived from general linear models with disease/control as fixed factor, controlled for muscle and body side as fixed factors. The unit

for λ1, RD, and MD is 10−3 mm2/s.

*Significant on P < .05, corrected for multiple testing using the Benjamini-Hochberg procedure.

Abbreviations: λ1, Lambda 1; RD, radial diffusivity; MD, mean diffusivity; FA, fractional anisotropy; ff, fat-fraction.
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4 | DISCUSSION

The significant alteration of mDTI metrics in all thigh and calf muscles

(except for FA) confirms that muscles with medium to advanced fatty

degeneration in mDixon imaging and T1w images are impaired in dif-

fusion imaging. The lack of differences in FA between the groups is

most likely due to the lower sensitivity of FA compared with MD. The

FA reflects a scalar value between 0 and 1, whereas the MD reflects

the actual mean diffusivity of the estimated tensor.

Furthermore, thigh muscles with a fat-fraction of <10% showed a

significant reduction in mDTI metrics compared to the healthy control

group, although this could not be shown for calf muscles. MD values

moderately correlated with 6-MWT data.

MD reflects the local amount of water diffusion.19 Thus, it is ele-

vated in muscles with cellular edema, increased membrane permeabil-

ity, or hypertrophy. MD is decreased in muscles with structural

damage, scar tissue, fatty infiltration, and atrophy. We were able to

demonstrate that MD is decreased in all thigh and calf muscles of

LOPD patients.13,18,19,28-30

The LOPD muscles with <10% fat-fraction also showed

decreased MD with no muscle fiber atrophy, since this would be

accompanied by an increase in FA with a relative increase of λ1 com-

pared to λ2 and λ3.19

The reduction observed in the low-fat muscles indicates mus-

cle degeneration prior to significant fatty replacement. This would

be in line with the pathophysiology of LOPD muscles, where there

are intracellular debris and enlarged lysosomes prior to fatty

degeneration.

Our results are well in line with other studies. Keller et al. analysed

DTI metrics in a group of patients with different muscular dystrophies.

They showed that DTI metrics were already altered in regions of leg

muscles that were not affected by fatty infiltration and observed that

fatty infiltration in turn intensified this effect. They concluded that mDTI

could reveal structural muscle damage due to dystrophic degeneration.18

In our study, we observed alterations of mDTI metrics predomi-

nantly in the hamstring muscles and showed an intermuscular gradient

in terms of MD, RD and λ1-3, ranging from higher MD values in the

anterior thigh muscle compartment to lower MD values in the ham-

string muscles.

Our results of the distribution of altered mDTI parameters are also in

line with recently published data on other quantitative MRI sequences in

LOPD and indicate that diffusion imaging can be used to identify patterns

of disease progression and early muscle involvement. Early involvement

of the hamstring muscles was also shown by others.3,6,31 A reduction in

MD in the hamstring muscles, therefore, could precede fatty degenera-

tion and serve as a marker for advanced intracellular debris accumulation.

Both postulated conclusions about possible microstructural alter-

ations should be validated in future studies with a longitudinal study

design and validation by muscle biopsies.

Our data revealed a significant positive correlation of the mean

MD of all thigh muscles with the distance covered in 6-MWT. The dis-

tance covered in 6 min by LOPD patients was significantly shorter

compared to the estimated data for healthy controls and in line with

previously reported data.32 This difference is due mainly to the dis-

ease and to age related variations, as age was also included as a factor

in the predicted distance. Although the correlation between 6MWT

and MD was moderate (r = 0.686), it supports a connection between

functional muscle testing and quantitative MRI data. Further studies

should evaluate correlations between upper leg muscle strength and

functional muscle testing.

Regarding study limitations, our sample size is relatively small,

largely due to the rarity of LOPD. The data were collected in a single

center and acquired over 2 years. We did not perform muscle biop-

sies; thus, we cannot compare our results with histopathologic data.

We cannot fully exclude age as a confounding factor for some amount

of reduction in MD. Future studies should include larger sample sizes

and a broader age distribution among subjects. To investigate whether

our results are based on glycogen accumulation, future studies should

include measurements of glycogen either by muscle biopsy or nonin-

vasive methods, such as glycoCEST.33

We conclude that mDTI metrics, especially MD, particularly when

combined with quantitative MRI sequences already in use, can make an

important contribution in evaluating both disease-specific changes and

disease progression in the skeletal muscles of patients with LOPD. The

mDTI parameters revealed diffusion restrictions in muscles with no

fatty infiltration, likely reflecting the underlying disease pathology of

intracellular debris accumulation and lysosome enlargement.
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