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The main pathologies in the muscles of patients with neuromuscular diseases (NMD)
are fatty infiltration and edema. Recently, quantitative magnetic resonance
(MR) imaging for determination of the MR biomarkers proton density fat fraction
(PDFF) and water T, (T5,,) has been advanced. Biophysical effects or pathology can
have different effects on MR biomarkers. Thus, for heterogeneously affected mus-
cles, the routinely performed mean or median value analyses of MR biomarkers are
questionable. Our work presents a voxel-based histogram analysis of PDFF and T,
images to point out potential quantification errors. In 12 patients with NMD,
chemical-shift encoding-based water-fat imaging for PDFF and T, mapping with
spectral adiabatic inversion recovery (SPAIR) for Ts,, determination was performed.
Segmentation of nine thigh muscles was performed bilaterally (n = 216). PDFF and
T, maps were coregistered. A voxel-based comparison of PDFF and T,,, showed a
decreased T, with increasing PDFF. Mean Ta, and mean Ty, "ithout fatty voxels
(PDFF < 10%) show good agreement, whereas standard deviation (6) T, and ¢
Ty, Vithout fatty voxels oh o\ increasing difference with increasing values of . Thereby
two subgroups can be observed, referring to muscles in which the exclusion of fatty
voxels has a negligible influence versus muscles in which a strong dependency of the
T, value distribution on the exclusion of fatty voxels is present. Because of the two
opposite effects that influence T, in a voxel, namely, (i) a pathophysiologically
increased water mobility leading to T,,, elevation, and (ii) a dependency of T,,, on
the PDFF leading to decreased T,,,, the T,,, distribution within a muscle might be

Abbreviations used: DM2, myotonic dystrophy type 2; EPG, extended phase graph; FF, fat fraction; LGMDR1, limb girdle muscular dystrophy type R1; MESE, multi-echo spin echo MR, magnetic
resonance; MRI, magnetic resonance imaging; MRS, magnetic resonance spectroscopy; NMD, neuromuscular diseases; PDFF, proton density fat fraction; ROI, region of interest; SPAIR, spectral
adiabatic inversion recovery; T,,,, water T».
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heterogenous and the routine mean or median analysis can lead to a misinterpreta-
tion of the muscle health. It was concluded that muscle T,,, mean values can wrongly
suggest healthy muscle tissue. A deeper analysis of the underlying value distribution
is necessary. Therefore, a quantitative analysis of Ty, histograms is a potential
alternative.
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edema, fatty infiltration, histogram, MR biomarker, NMD, PDFF, skeletal muscle, water T,

1 | INTRODUCTION

In clinical research settings, the main pathological changes in the skeletal muscle tissue of patients with neuromuscular diseases (NMD) are
atrophy or hypertrophy, fatty infiltration, and edema. Further pathologies such as skeletal muscle interstitial fibrosis are increasingly incorpo-
rated in the characterization of diseased muscle tissue. Because of its high soft tissue contrast, magnetic resonance imaging (MRI) is the
modality of choice for assessment of NMD patients' muscle tissue.x™ Currently, in the clinical routine, qualitative sequences such as T;- and
T,-weighted sequences with fat suppression or T,-weighted sequences with Dixon water-fat separation are used, offering the possibility of a
visual assessment of muscle pathologies.”® However, assessment based on qualitative imaging is dependent on the reader's subjective judg-
ment and expertise.® In particular, the assessment of subtle changes remains challenging using qualitative imaging.” Therefore, during the last
decade, quantitative MRI techniques for determination of the MR biomarkers, proton density fat fraction (PDFF) and water T, (T,,), have
been developed.>*°

PDFF based on chemical-shift encoding-based water-fat MRl is considered a stable, robust, and reliable MR parameter, reflecting the tissue
fat concentration, and is therefore a quantitative measure for the fatty infiltration of muscle tissue.'* PDFF is defined as the ratio of the density
of mobile protons from triglycerides (the major fat type in the body) and the total density of protons from mobile triglycerides and mobile
water.12

Tow is currently seen as a valuable MR biomarker for quantitative assessment of edema in muscle tissue, particularly as a marker for “disease
activity”, potentially working as a predictor for disease progression and therapy effectiveness.®*® T, reflects the water mobility of the muscle
tissue and therefore its absolute value is more instable compared with PDFF. T,,, is highly sensitive to a variety of changes in the muscle microen-
vironment such as inflammation, necrosis, dystrophic cell lesions, denervation, tumor, and exercise of moderate to high intensity. In the context of

muscle tissue in patients with NMD, a differentiation between muscle global T, and Ty, is crucial.*

Muscle global T, reflects the nonchemically
selective T, decay of muscle tissue and is therefore influenced by fat, which is of particular concern in muscles with fatty infiltration. By contrast,
T, reflects the T, decay of muscle tissue without the influencing factor of fat. Consequently, MRI techniques for the determination of T,,, intend
to robustly quantify T,,, by suppressing or separating the fat signal from the water signal. Various T,,, mapping techniques have been developed
such as combining multi-echo spin echo (MESE) sequences with the Dixon water-fat separation technique®® or postprocessing MESE data with
multiexponential fitting models or extended phase graph (EPG) simulations.*®~? Recently, a T,-prepared 3D turbo spin echo (TSE) sequence with
spectral adiabatic inversion recovery (SPAIR) fat suppression was presented, and it showed a good correlation of T,,, to the reference standard
magnetic resonance spectroscopy (MRS).20-23

For analysis of quantitative MRI data, usually the skeletal muscles of interest are segmented, and subsequently a mean value analysis of the
MR biomarkers throughout the whole muscle volume is performed.?* In this context, the determination of the mean value is correct under the
assumption of a normal distribution, whereas a median value analysis is more appropriate in the presence of a simple skewed distribution. How-
ever, it is known that biophysical effects and pathological changes that influence the muscle microenvironment can have different and complex
impacts on MR biomarker distributions within a muscle. For example, it was shown that (*H MRS-based) T,,, is decreased with increasing
(*H MRS-based) PDFF.1?2325 The dependency of T,,, on the fat fraction (FF) is of particular interest in muscle tissue simultaneously affected
by fatty infiltration and edema, as well as with remaining healthy muscle tissue. Especially for the heterogeneously affected skeletal muscles that
are typically present in various NMD, the routinely performed mean or median value analyses of MR biomarkers are questionable, and a deeper
analysis for complex skewed distributions is necessary. Recently, the research community has been increasingly interested in texture analysis as
an alternative method for biomarker assessment in NMD.?%2” However, texture analysis is still complex to be performed, analyzed, and
interpreted.

In the present work, a voxel-based histogram analysis of the MR biomarkers PDFF and T»,, based on coregistered imaging data is presented.
Based on chemical-shift encoding-based water-fat imaging for PDFF determination and T, mapping with the T,-prepared 3D TSE with SPAIR for
T,y determination in 12 patients with different NMD, the presented histogram analysis attempts to point out potential quantification errors in

the mean or median analysis of quantitative imaging data in NMD.
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2 | METHODS
21 | Subjects

Twelve patients (nine females and three males; age: 56.2 + 15.2 years) with acquired and hereditary NMD were recruited (Table 1). The NMDs
were myotonic dystrophy type 2 (DM2) (n = 5), limb girdle muscular dystrophy type R1 (LGMDR1, formerly termed LGMD2A) (n = 5), and adult-
onset Pompe disease (n = 2). Diagnosis was based on muscle biopsies and/or genetic testing. The study was approved by the local institutional

Committee on Human Research. All patients gave written informed consent prior to study participation.

22 | MR measurements

The patients' bilateral thigh regions were scanned on a 3 T system (Ingenia, Philips Healthcare, Best, The Netherlands; release 5.1.8) using the
whole-body coil, the built-in 12-channel posterior coil, and a 16-channel anterior coil placed on top of the hip and thigh region. Subjects were
positioned in a head-first supine position. Consecutive axial stacks to cover the midthigh region on both sides were acquired. The scan protocol
included a T,-weighted 2D Dixon TSE sequence for qualitative assessment of the muscles,? followed by spatially resolved chemical-shift
encoding-based water-fat MRI, employing a six-echo 3D spoiled gradient echo sequence with bipolar readouts,?® and T, mapping, employing a
T,-prepared 3D TSE sequence with SPAIR fat suppression.?° 22 The T,-prepared 3D TSE with SPAIR employs a flip angle train optimized for a
stable signal plateau for skeletal muscle tissue. Sequence parameters are shown in Table 2.

2.3 | Postprocessing

Water-fat separation of the T,-weighted 2D Dixon TSE images was performed online using the vendor's mDixon algorithm.?82? The qualitative
fat and water images were only used to gain a visual, anatomical impression of the patients' muscle tissue.

The processing of the multiecho gradient echo data was performed online using the vendor's routines for PDFF mapping. After phase error
correction, water-fat separation was performed based on a complex-based signal formulation employing a multipeak fat spectrum and single T,-
decay correction.®®! A small flip angle (3°) was used to minimize T, bias effects (TR = 10 ms).2’

Postprocessing of the T, mapping data was performed offline using Matlab (MathWorks, Natick, MA, USA; version R2017b). An exponential
fit with linear least-squares was used to fit the data described by the following equation:

TyPrep

S=Soxe T2 . (1)

No fitting of the baseline was performed and magnitude data were used.

TABLE 1 Patient details for patients with myotonic dystrophy type 2 (DM2), limb girdle muscular dystrophy type R1 (LGMDR1), and
adult-onset Pompe disease

Patient ID Sex Age (y) BMI (kg/m?) Disease Years since diagnosis
01 m 52 29.0 DM2 1
02 f 54 * DM2 1
03 f 61 29.3 DM2 4
04 f 63 26.6 DM2 12
05 f 66 33.1 DM2 11
06 m 26 229 LGMDR1 2
07 f 45 24.9 LGMDR1 32
08 f 47 19.7 LGMDR1 3
09 f 49 413 LGMDR1 11
10 f 52 28.0 LGMDR1 5
11 f 76 21.3 Adult Pompe disease 26
12 m 84 20.8 Adult Pompe disease 8

*Body mass index (BMI) missing for this patient.
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TABLE 2 Sequence parameters for the T,-weighted 2D Dixon turbo spin echo (TSE), the six-echo 3D spoiled gradient echo, and the T»,-
prepared 3D TSE sequence with spectral adiabatic inversion recovery (SPAIR)

T>-weighted 2D Dixon Six-echo 3D spoiled grading echo
TSE sequence Tao-prepared 3D TSE with SPAIR
TR (ms) 3725 10 1500
TE (ms) 100 1.17 19
ATE (ms) 1.0 0.9 -
Number of slices 26 30 30
Slice gap (mm) 6 0 0
Acquisition voxel (mm?3) 25x25x6.0 3.2x20x8.0 20x20x8.0
Recon voxel (mm?'3) 0.88x0.88 0.82x0.82x4.0 0.82x0.82x 4.0
T2 preparation durations (ms) - - 20/30/40/50/60

RF-pulses (in readout)

Flip angle of 3°

Flip angle modulated TSE readout
(echo spacing: 2.4 ms, 5 start-up echos)

TSE factor 45 = 50

Averages 2 1 Partial averaging (1.4)

FOV (mm?) 330 x 450 x 306 260 x 420 x 120 420 x 260 x 120

Scan duration (min:s) 2:07 0:20 4:30

SENSE - In L/R direction, reduction factor 2 In A/P direction, reduction factor 2

Abbreviations: A/P, anterior/posterior; FOV, field of view; L/R, left/right; SENSE, sensitivity encoding.

24 | Image registration

3D image registration was performed using elastix (Image Sciences Institute, University Medical Center Utrecht, The Netherlands; 5.0.1),%2° for
example, to compensate involuntary motion of the subjects between scans to allow a voxel-based comparison of PDFF and T, maps. The water
image of the six-echo 3D spoiled gradient echo sequence represented the fixed image, whereas the first echo of the T,-prepared 3D TSE
sequence worked as a moving image. An affine transformation was applied (details are provided in the supporting information). Using the resulting

transformation parameters, the postprocessed T, maps were registered on the PDFF maps with transformix (part of the elastix software).

2.5 | Muscle segmentation

Segmentation of the thigh muscles was performed using the Medical Imaging Interaction Toolkit (https://www.mitk.org/wiki/The_Medical_
Imaging_Interaction_Toolkit_(MITK)); German Cancer Research Center, Division of Medical and Biological Informatics, Medical Imaging Interaction
Toolkit, Heidelberg, Germany). Manual regions of interest (ROls) were placed in axial slices of the PDFF maps to separately enclose nine thigh
muscles: biceps femoris, gracilis, rectus femoris, sartorius, semimembranosus, semitendinosus, vastus intermedius, vastus lateralis, and vastus
medialis muscles of the left and right thigh, respectively (216 muscles in total). Segmentation was performed on ten consecutive slices at the mid-
thigh region, with the ROlIs being placed at the outer muscle contour by a radiologist (with three years of experience). The outer muscle contour
was chosen to ensure acceptable intrareader and interreader reproducibility based on the work performed by Greve et al.* Prior to subsequent
analysis, the outermost voxels of the masks were automatically excluded to guarantee inclusion of mere muscle tissue. Bilateral muscle-specific

PDFF values and T,,, values of the coregistered T, maps were extracted, enabling a voxel-based comparison of PDFF and T,,,.

2.6 | Data analysis

Voxel-based data analysis and plotting of the quantitative imaging data was performed using Matlab (MathWorks).

For the combined T»,, and PDFF analysis, a cutoff level of PDFF 60% was selected based on previous work by Schlaeger et al.2% In this study,
a PDFF of 60% was the limit where important differences in T,,, could be observed. Also, in the Mercuri grading scale, muscles with fatty infiltra-
tion of more than 60% are graded as severely fatty infiltrated.2

Voxels with fatty infiltration were defined as voxels with a PDFF of 10% or more based on the work by Inhuber et al.>> Two different muscle

mean and standard deviation (c) T,,, were calculated: (i) muscle mean and ¢ T,,, incorporating all voxels of the whole muscle volume, and
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(ii) muscle mean and o T,,, incorporating only voxels without fatty infiltration (PDFF < 10%). Corresponding intercept and slope of the linear
regression fit as well as Bland-Altman plots were calculated.

To further describe the T, distribution, a threshold of 3.4 ms was set, defining a relevant difference between ¢ T, and ¢ Ty, *ithout fatty
voxels The threshold of 3.4 ms was chosen based on measurements in ten healthy volunteers' thigh muscles with the T,-prepared 3D TSE
sequence with SPAIR.2° Thereby, the threshold of 3.4 ms represents two times the maximal ¢ of T, values in the measured healthy thigh mus-
cles. Based on the threshold of 3.4 ms and the equation,

Ao’ — T2w . TZWWithout fatty voxe!s’ (2)

two different subgroups of T, distributions can be distinguished: (i) a subgroup where 4, < 3.4 ms is indicating that the exclusion of fatty voxels
(PDFF = 10%) has a negligible influence on the T,,, value distribution; and (ii) a subgroup where if A, > 3.4 ms is indicating a strong dependency
of the T,,, value distribution on the exclusion of fatty voxels. The two subgroups were compared with regard to the skewness of the T,,, histo-
gram using a boxplot analysis and a Mann-Whitney U-test.

3 | RESULTS

Figure 1 shows representative PDFF and T, maps in a patient with DM2, LGMDR1, and adult-onset Pompe disease, respectively. Disease-
characteristic patterns of muscle fatty infiltration are visible. In particular, the hamstring muscles of the Pompe patient are heterogeneously
affected by fatty infiltration and edema, which is reflected by varying PDFF and T,,, values.

The voxel-based comparison of coregistered PDFF and T,,, values revealed a dependency of T,,, on the FF, showing that T, is decreased
with increasing PDFF (Figure 2A). Figure 2B shows that decreased T,,, with increasing PDFF can be observed independently in all the investi-
gated patient groups (DM2, LGMDR1, and Pompe disease).

A more detailed comparison of the T, value distribution in the semimembranosus muscle of (i) a patient with Pompe disease and (ii) a patient
with DM2 revealed different histograms, as shown in Figure 3. Both semimembranosus muscles approximately have the same mean T,,,
(~ 31 ms). However, the Pompe patient's T»,, histogram has a broad distribution, and two main peaks are present (at 22 and 35 ms) corresponding
to T,y of edematous and fatty voxels, whereas in the DM2 patient's T»,, histogram, a single peak is present (at 31 ms) corresponding to T,,, of
healthy voxels.

A combined assessment of T,,, and PDFF in the histogram of the semimembranosus muscle of the Pompe patient reveals that the two main

peaks (at 22 and 35 ms) generally correspond to different underlying PDFF regimes (PDFF > 60% and <60%), whereas the single peak in the

Ty.weighted Dixon TSE Fat Image PDFF Map Ty-weighted Dixon TSE Water Image

LGMDR1 \ ‘ :

FIGURE 1 Representative water T, (T2.weightea) Dixon turbo spin echo (TSE) fat and water images, proton density fat fraction (PDFF) maps
and T, maps of a patient with mytonic dystrophy type 2 (DM2), limb girdle muscular dystrophy type R1 (LGMDR1), and adult-onset Pompe
disease
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FIGURE 2 Histogram of certain proton density fat fraction (PDFF)/water T, (T»,,) value combinations (the brightness encodes the
probability). (A) Decreased To,, with increasing PDFF in 216 muscles of patients with neuromuscular diseases. For comparison, the mean T, of
healthy thigh muscle tissue measured with the T, mapping sequence employed in the work performed by Klupp et al. is indicated as a red line
(~ 31 ms).2° (B) Behavior of T, with increasing PDFF separated for three different patient groups (mytonic dystrophy type 2 [DM2], limb girdle
muscular dystrophy type R1 [LGMDR1], and adult-onset Pompe disease)

histogram of the semimembranosus muscle of the DM2 patient at 31 ms corresponds to only one PDFF regime (PDFF < 60%). For comparison,
the respective histogram of the semimembranosus muscle of a LGMD1R patient also shows a single peak, however at 21 ms corresponding to
the PDFF > 60 % regime (Figure 4).

Figure 5 shows the results of a pooled analysis of the data from all 216 muscles. A linear regression between mean T,,, and mean
fatty voxels shows a slope of 0.7 and an intercept of 10.64 ms (Figure 5A). In the corresponding Bland-Altmann plot (Figure 5B), almost all the

datapoints are within the 95% confidence interval (Cl). When comparing ¢ Toy and ¢ Tp,,Vithout fatty voxels e |inear regression shows a slope of

without
T2w
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Right Semimembranosus Muscle (DM2 Patient)

Right Semimembranosus Muscle (Pompe Patient)
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FIGURE 3 T, maps of the thigh muscles of (A) a patient with adult-onset Pompe disease and (B) a patient with mytonic dystrophy type

2 (DM2). Segmentation masks of the right semimembranosus muscle are depicted in red, respectively. Corresponding histograms of water T,
(Tow) in the right semimembranosus muscle of (C) the patient with adult-onset Pompe disease and (D) the patient with DM2. In the left histogram
(C) two peaks are present (at 22 and 35 ms) (number of bins: 55), whereas in the right histogram (D) only one peak is present (at 31 ms)

(number of bins: 30); however, both muscles have approximately the same mean T, (~ 31 ms)
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FIGURE 4 Combined assessment of water T, (T5,,) and proton density fat fraction (PDFF) in the histogram of the semimembranosus muscle
of (A) the Pompe patient and (B) the mytonic dystrophy type 2 (DM2) patient. For comparison, additionally, in (C) the histogram of the
semimembranosus muscle of a limb girdle muscular dystrophy type R1 (LGMDR1) patient is shown. In (A), the two peaks (at 22 and 35 ms) mainly
correspond to different underlying PDFF regimes (PDFF > 60% and <60%) (number of bins: 55 [PDFF < 60%]; 41 [PDFF > 60%]; 55 [all data]). In
(B), the single peak at 31 ms corresponds to only one PDFF regime (PDFF < 60%) (number of bins: 15/15/15). In (C), the single peak at 21 ms
corresponds to the second PDFF regime (PDFF > 60%) (number of bins: 25/25/25)

0.28 and an intercept of 2.37 ms (Figure 5C). In the corresponding Bland-Altman plot (Figure 5D), the difference between the two variables
increases with increasing mean .

Based on the threshold of 3.4 ms and Equation (2) (see subsection 2.6), two different subgroups of datapoints can be distinguished. The
datapoints of one subgroup (blue; 4, < 3.4 ms) stay within the 95% ClI, indicating that in the underlying muscles the exclusion of fatty voxels has a
negligible influence on the T, value distribution. As many datapoints of the second subgroup (red; 4, > 3.4 ms) exceed the 95% Cl, a strong
dependency of the T, value distribution on the exclusion of fatty voxels in the corresponding muscles can be observed.
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Blue subgroup: negligible influence of exclusion of fatty voxels (PDFF > 10 %) on T2w value distribution
Red subgroup: strong dependence of T2w value distribution on exclusion of fatty voxels (PDFF = 10 %)
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FIGURE 5 Pooled analysis of the data from all 216 muscles. In general, two different subgroups of datapoints can be distinguished: (i) a
subgroup where, in the underlying muscles, the exclusion of fatty voxels has a negligible influence on the water T, (T,,,) value distribution (blue),
and (ii) a subgroup where a strong dependency of the T,,, value distribution on the exclusion of fatty voxels in the corresponding muscles can be
observed (red). (A) A linear regression between mean T, and mean Ty, "ithout fatty voxels gha\ys 5 slope of 0.7 and an intercept of 10.64 ms. (B) In
the corresponding Bland-Altmann plot, almost all the datapoints are within the 95% confidence interval (Cl). (C) A linear regression between ¢
Tow and o T, Vithout fatty voxels shq\vs 3 slope of 0.28 and an intercept of 2.37 ms. (D) In the corresponding Bland-Altman plot, the difference
between the two variables increases with increasing mean o. (E) Based on the equation 4, = ¢ Ty, - & Tp,"/thout fatty voxels 1o different
subgroups can be distinguished, which correspond to two different skewness distributions (blue: 4, < 3.4 ms; red: A, > 3.4 ms). (F) An exemplary
T, histogram of the left rectus femoris muscle of a patient with limb girdle muscular dystrophy type R1 (LGMDR1) corresponds to the blue
subgroup, and an exemplary T,,, histogram of the left biceps femoris muscle of another patient with LGMDR1 corresponds to the red subgroup
(number of bins: 35)

To further investigate the blue and red subgroups, the skewness of the T,,, histograms for muscles of both subgroups was calculated.
Figure 5E shows the corresponding boxplot analysis. The difference in skewness T,,, between the muscles of the two subgroups is highly signifi-
cant (p < 0.01): the muscles of the blue subgroup have a rather small skewness (median: 1.11), whereas the muscles of the red subgroup have a
high and positive skewness (median: 36.70). Figure 5F shows exemplary T,,, histograms for a muscle of the blue and red subgroup, respectively.
The T\, histogram of the muscle of the blue subgroup has a single peak, corresponding to a small skewness, whereas the T,,, histogram of the
muscle from the red subgroup has a broad distribution with the peak shifted to the left and a tail on the right, corresponding to a positive
skewness.

Mean, standard deviation, median and range of PDFF, To,, and T, Vithout fatty voxels £or aach muscle in every patient are shown in Table S1.
Additionally, skewness of T,,, values within each muscle, as well as the number of voxels in the segmentation mask including and excluding fatty

voxels, are shown.

4 | DISCUSSION

Based on coregistered PDFF and To,, imaging data from 12 patients with different NMD, the present work shows the impact of two opposite
effects on the Ty, value in a single voxel: (i) a pathophysiologically increased water mobility leading to T,,, elevation and (ii) a dependency of T,,,
on the FF leading to decreased T»,, with increasing FF. The present work demonstrates the quantification errors that result from a simple mean or

median analysis of the MR biomarkers by presenting a voxel-based histogram analysis of T,,, and PDFF.
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The recent progress in the development of quantitative imaging techniques for MR biomarker determination in patients with NMD
requires further consideration regarding the appropriate assessment of PDFF and T,,, as MR biomarkers. As the present routinely performed
analysis of quantitative MR biomarkers in NMD is based on a mean or median value calculation of PDFF and T,,, for a muscle of interest,
the influence of partial volume effects and regional pathological differences on the MR biomarkers analysis is neglected. However, the present
work reveals a potential misinterpretation of muscle health when only the mean T,,, value of a heterogeneously affected muscle is assessed.
In a heterogeneously affected muscle with healthy, edematous, and fatty voxels, the two opposite effects leading to elevated and reduced
Tow values might lead to a muscle mean Ts,, similar to the mean T,,, of a healthy muscle, as high and low T»,,, values are canceling each other
out. Because T,,, elevation reflecting increased water mobility in a variety of circumstances such as inflammation, denervation, or exercise is
the alteration desired to be measured during T,,, mapping, the present work focused on the effect of fat on the T,,, distribution in a muscle
volume.

Previous work showed a dependency of T,,, and PDFF, increasing the attention given to biophysical and pathological microenvironmental
effects that influence absolute T, values.2??>2> The present work confirms the observation that T»,, is decreased with increasing FF based on
imaging sequences. Exchange and compartmentalization of the T, decay or susceptibility differences between muscle water and fat might contrib-
ute to the observed T, behavior.?®

Because of decreased T»,,, values with increasing PDFF, a T, histogram of a muscle with remaining healthy muscle tissue that is simulta-
neously affected by fatty infiltration shows at least two peaks of the underlying T,,, distribution corresponding to different PDFF regimes. In gen-
eral, two different types of muscles can be distinguished: (i) muscles in which the exclusion of fatty voxels has a negligible influence on the ¢ T»,,,
and (ii) muscles in which a strong dependency of the T,,, value distribution on the exclusion of fatty voxels can be observed. Consequently, mus-
cles of the first type (i) show no or a homogeneous fatty infiltration, whereas muscles of the second type (ii) show heterogeneous fatty infiltration
throughout the muscle volume, leading to a nonnormal distribution of T,,, values, which is also represented in a low (first type) or a high, positive
(second type) skewness of the T, histogram.

Subsequently, the assessment of muscle pathologies based on the MR biomarkers T,,, and PDFF might require an interpretation beyond
mean or median value analysis. An analysis of the form of the underlying T, value distribution as well as correlations and effects between the
MR biomarkers is necessary, such as an analysis of skewness or bimodality. The present work is meant to demonstrate the disadvantages of mere
mean value determination. The implementation of quantitative histogram analysis is one way to overcome the disadvantages of a mean or median
value determination by providing insights into the exact frequency distribution of different T,,, values within an ROI.

Additionally, the current work emphasizes the necessity for a more precise definition of pathological, specifically elevated T,,, values, to
foster a feasible approach for implementation of MR biomarkers in the clinical routine of NMD patients. Because the FF has an influence on
the absolute T, value, two important aspects have to be taken into consideration: (i) a threshold definition for pathological (elevated) T,,,

has to be forwarded, particularly for fatty infiltrated muscles. Based on the work by Klupp et al.,°

measurements in the thigh muscles of
healthy volunteers revealed a physiological T,,, of max. 31.4 + 1.7 ms (rectus femoris) using the T,-prepared 3D TSE sequence with SPAIR.2°
Based on this work, a T,,, above the threshold plus standard deviation might be considered to be elevated. However, because of decreased
Tow Vvalues with increasing PDFF, a T,,, below the proposed threshold might also reflect elevated T,,, values, because of the two coun-
teracting effects of T,,, elevation due to increased water mobility and T,,, decrease due to fatty infiltration; and (ii) in highly fatty infiltrated
muscles, in particular in voxels with PDFF values of more than 60%, T,,, seems to be substantially decreased, which might render its signifi-
cance for increased water mobility assessment impossible. Consequently, in future T,,, biomarkers analysis, voxels with PDFF values of more
than 60% might need to be analyzed separately from the main analysis, reducing the volume of interest for T,,, analysis to voxels with a
PDFF of 60% or less. Both aspects currently lack comparison with reference standard measurements for their clinical relevance, thus longitu-
dinal evaluations of the MR biomarkers T,,, and PDFF, their interaction and their significance for disease progression and response to treat-
ment are needed.

The current study has some limitations. First, a small number of patients was included in the study. This was mainly because of the rare char-
acter of NMD. Because the present work focuses on a voxel-based assessment of PDFF and T,,,, datapoints were available from 216 muscles in
total, although values from the same patient could not be treated as though they were independent. In particular, only two Pompe patients could
be included in the present study; however, they display highly interesting T»,, distributions due to their very heterogeneously affected muscle
tissue.3¢%” To summarize, the present work is mainly meant to be methodological and descriptive and does not intend to offer conclusions about
characteristic MR biomarker distributions within different NMD. Second, the proposed histogram analysis does not offer information about spatial
distribution of the different MR biomarkers values within the muscle volume. Spatial information is of particular interest, as recently, regional vari-
ations between PDFF in proximal, central, and distal parts of the thigh muscles have been shown.>* Third, as mentioned before, because of the
lack of a real reference standard measurement technique, longitudinal analysis of the MR biomarkers is necessary. Fourth, the presented results
are specific to the employed MR sequences and to the investigated T, regime due to the low resolution in the TE dimension. Therefore, also the
threshold of 3.4 ms, which represents two times the maximal ¢ of T,,, values in healthy thigh muscles using the employed MR sequence, is highly
specific and based on a small number of previous measurements. However, the threshold is meant as an approach to define a relevant difference

between o Tay, and 6 Ty, Vithout fatty voxels | A saneralization of the findings to different Ty, and PDFF mapping sequences is likely. Fifth, the spatial
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resolution of the employed quantitative MR sequences is relatively low, which generally facilitates partial volume effects. However, the sequence
parameters were chosen to allow fast protocols, also appropriate for a clinical implementation. Thus the shown quantification errors also have to

be taken into consideration when the employed T, mapping sequence is applied in the clinical routine.

5 | CONCLUSION

The present work demonstrates the two opposite effects on T,,, in a single voxel based on coregistered quantitative MRI data: (i) a pat-
hophysiologically increased water mobility leading to T»,, elevation and (ii) a dependency of T,,, on the FF leading to decreased T,,, with increas-
ing FF. Therefore, the assessment of muscle pathologies based on PDFF and T,,, requires an interpretation beyond mean or median value
analysis to account for regional pathological differences and the resulting quantification errors. A deeper analysis of the underlying value distribu-
tions is necessary. Therefore, a quantitative analysis of T, histograms is a potential alternative.
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