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Abstract

Purpose: Estimating microstructural parameters of skeletal muscle from diffusion MRI (dMRI)
signal requires first understanding the relative importance of these parameters, as well as
the dMRI sequence parameters, on the signal. The purpose of this study is to determine the
sensitivity of the dMRI signal and related metrics to variations in muscle microstructure and
dMRI pulse parameters, as well as assess the effect of noise on these sensitivity relationships.

Methods: Using a simplified geometric model of skeletal muscle, numerical solutions of the
Bloch-Torrey equation were used to calculate global sensitivity indices for seven microstructural
and two PGSE pulse parameters. The effect of noise was considered by adding synthetic noise
at two levels (SNR = 50 and 100). The microstructural parameters examined were muscle
cell diameter, cell volume fraction, membrane permeability, intra- and extracellular diffusion
coefficients, and intra- and extracellular T, times.

Results: The computed sensitivity indices show that the effect of noise is important but
averaging the signal over multiple realizations mitigates the effect. Among the examined
parameters, the two diffusion coefficients have the largest effect, and the myocyte diameter is
more influential than permeability in the transverse direction. Finally, the dMRI metrics are
sensitive to extracellular parameters, suggesting that extracellular structural information can
be extracted by solving the corresponding inverse problems.

Conclusion: With the identification of key microstructural features that affect dMRI measure-
ments, these sensitivity results can help interpret dMRI measurements of skeletal muscle in
light of the underlying microstructure and further develop parsimonious dMRI models of
skeletal muscle.
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Introduction Global sensitivity analysis of skeletal muscle dMRI metrics

1 Introduction

Changes in skeletal muscle pathology are associated with changes in the tissue microstructure.
Examples include increased fibrosis due to injury and muscular dystrophy [1], changes in fiber
type and cross sectional area due to aging [2, 3], and increased membrane permeability due to
sarcolemma damage from muscular dystrophy [4, 5]. Measuring these microstructural changes is
of interest in better understanding these pathologies, however, such measurements are difficult.
Investigating the behavior of muscle via extraction of muscle for histological assay is highly
invasive and time consuming. The extraction process may also change the morphological features
being examined [6]. Diffusion MRI (dMRI) is a promising method that is sensitive to changes
in the underlying microstructure. Much work has been done in white matter to elucidate the
relationship between the dMRI signal and the underlying axonal structure [7]. dMRI can be
similarly applied in skeletal muscle, however, the relationship is less understood due in large
part to difficulties in signal acquisition caused by the relatively short T, of skeletal muscle [8].
Additionally, the larger cell size and dense packing of muscle’s makes some popular white matter
models inappropriate for use in skeletal muscle [9].

Skeletal muscle consists of an ordered, hierarchical organization of muscle cells surrounded
by an extracellular collagen matrix and bundled together into fascicles, which are themselves
bundled to form the whole muscle. This well ordered structure allows representation of an imaging
voxel by a simplified repeating elementary volume (REV), which can be parameterized to allow
systematic investigation of how changes in the REV effect the dMRI signal. Others have examined
structural variations using Monte Carlo simulations [10-12], however, a comprehensive analysis
of how microstructural and pulse parameters affect the dMRI signal has not been completed.
Further, there are conflicting results regarding the relative influence of membrane permeability
and fiber diameter [10, 11]. Previous studies have examined either a limited number of parameter
combinations or used a limited number of microstructural and pulse parameters in their model.
As such, it is uncertain whether the sensitivity relationships reported represent the global influence
of a parameter, or if they reflect local interactions dependent on other parameters. To address
this uncertainty, we identify seven microstructural parameters that we believe comprehensively
parameterize muscle microstructure as well as two pulse parameters. We examine these nine
parameters to understand their influence on dMRI signal. Using a lattice Boltzmann method
solution of the Bloch-Torrey equation applied to an REV of muscle, we perform a global sensitivity
analysis of the influence microstructural and dMRI pulse parameters have on dMRI metrics such
as fractional anisotropy and mean diffusivity. This analysis comprehensively samples the possible

combinations of parameters to determine which parameters have the largest effect on measured
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dMRI metrics. The results will assist in proper parameterization of dMRI models by identifying
which microstructural parameters are essential to modeling dMRI signal variation and which can
safely be ignored or help constant.

The purpose of this paper is to determine the sensitivity of dMRI measurements to variations
in microstructural and dMRI pulse parameters as well as assess the effect of dMRI signal noise
on these sensitivity relationships. While similar questions have been asked previously [10-12],
here the entire input space of both microstructural and pulse parameters is examined in order to
identify key sensitivity relationships. This includes analysis of compartment specific diffusion
coefficients as well as a broad range of sarcolemma permeability, which has not previously
been done. These sensitivity results will help interpret dMRI measurements in terms of the
underlying microstructural parameters. They will also inform further model development by
identifying insensitive microstructural parameters, allowing for a reduction in the number of
requisite independent model parameters.

2 Methods

dMRI Representation
The time evolution of dMRI signal is described by the Bloch-Torrey equation [13]
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This equation describes the time evolution of the complex-valued, transverse spin magnetization
(M) resulting from an externally applied, spatially and temporally varying magnetic field (G(t) - x).
Here 1i is the imaginary unit, v is the gyromagnetic ratio of 'H, z is the spin position vector, G(t)
is the time-varying magnetic field gradient vector used to encode diffusion, T, is the spin-spin
relaxation time, and D(x) is the local diffusion coefficient. The dMRI signal is expressed by the

following integral over (typically) the voxel volume,
()= | 1M, lda. @)
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Optimizing a dMRI pulse sequence involves adjusting its parameters to sensitize the signal
to desired properties of the microstructure. While advanced sequences exist to extract more
complex information from the tissue [14-16], here we focus on the standard pulsed-gradient spin
echo (PGSE) sequence [17] which can be described by three parameters: gradient duration (),
gradient vector (g), and diffusion time (A) (cf. Figure 1a). Diffusion-weighting results in increased
attenuation of the signal in areas with higher diffusion coefficients. The signal is normalized

by the non-diffusion-weighted signal, Sy, to provide an attenuation ratio, E(q) = S(q)/So, where
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g = vgd/2n. This attenuation ratio is related to the ensemble average propagator (EAP) of the

voxel,

E(q,7) :j P(r,1)e2m dr, (3)
reR3

where P(r,7) is the EAP, r is the displacement vector, and 7 is the diffusion time. The EAP
is a two-point probability function of the spin displacement and thus a representation of how
microstructural features restrict the diffusion behavior in tissue [18-20]. In the case of unrestricted,

Gaussian diffusion in a homogeneous domain, equation 3 can be reduced to
E(g 1) = e*ma"Par, 4)

Here D is the second rank diffusion tensor that describes the apparent diffusion coefficients
in the voxel [21]. For a PGSE sequence, T = A —§/3 and is often combined with q to yield the
so-called b-value, or b-matrix, b = (2nq)*(A — §/3), resulting in the simplified representation:
E(g) = e P [21]. In complex tissues containing many barriers, such as muscle, this diffusion
tensor is anisotropic and composed of three distinct eigenvalues (A1, A2, A3), which correspond to

the principle directions. The eigenvalues can be used to calculate various diffusion metrics such as

(A1=22)24+(A2—A3)%+(A3—A1)?
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and radial diffusivity, RD = (A, +A3)/2. These metrics characterize the diffusion rate and tensor

fractional anisotropy, FA = , mean diffusivity, MD = (A + A2 +A3)/3,

anisotropy within the voxel.

Pulse Parameterization

In the present study, the key PGSE sequence parameters focused on are the diffusion time and
gradient strength, while the gradient duration is fixed at 5 ms and TE is defined as A + 6. We
focus on the effect of diffusion time (A) and gradient strength (g) because both affect the resolving
ability of dMRI. The EAP is a representation of how microstructural features effect the diffusion
behavior within tissue, however, the EAP is dependent on the diffusion time used in the dMRI
experiment. As the diffusion time increases, the average displacement of spins increases, allowing
them to interact with microstructural features further away from their original location. This effect
of diffusion time has been used to estimate cell diameter in both muscle and axons [14, 22, 23].

Because the EAP is the inverse Fourier transform of the signal attenuation, measuring it at
different g-values allows sampling its shape [24]. By fixing the gradient duration, the gradient
strength directly relates to the g-value. When Gaussian diffusion is assumed, only one g-value is
necessary [25]. Under this assumption the computed diffusion tensor and related dMRI indices
should not change for different gradient strengths. Varying the gradient strength allows checking

the appropriateness of the Gaussian diffusion assumption. The key idea behind focusing on
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diffusion time and gradient strength is that diffusion time defines the EAP, while gradient strength,
more specifically g-value, determines the sampling of the EAP.
Myocyte Tissue Model

To model the effect of skeletal muscle microstructure on the dMRI signal, it is first necessary
to create a model with parameterized microstructural features. Skeletal muscle has a hierarchical
order, exhibiting a long-range order of parallel, elongated cells, each surrounded by a semi-
permeable membrane and embedded in an extracellular matrix made up of collagen fibers. This
organization allows use of a simplified skeletal muscle model consisting of infinitely long, parallel
cylinders packed in a periodic hexagonal array (Figure 1b). This periodic packing allows the
definition of a representative elemental volume (REV), as shown in Figure 1b. By restricting our
computational to a single REV, we can economically parameterize the domain and consider how
microstructural changes effect the dMRI signal. Such an investigation obviously ignores the typical
variations of structural parameters, such as fiber size [10], within a voxel. However, considering
a periodic domain is a necessary first step to understanding how individual parameters behave
before including such confounding factors as cell size distributions.

The REV is defined by seven parameters: intra- and extra-cellular diffusion coefficients, cell
diameter, packing fraction, membrane permeability and intra- and extra-cellular T, relaxation
time. The intra- and extra-cellular domains both contain sub-cellular structures which restrict the
free diffusion of water, however, such restrictions cannot be modeled at the current spatial scale
so they are accounted for through the use of effective diffusion coefficients (Din, and Dex) [26].

While the present periodic model accounts for isotropic transverse diffusion, muscle exhibits
transversely anisotropic diffusion [26, 27]. The source of this transverse anisotropy is not con-
clusively known, so this factor is set aside for now. Solutions for the dMRI signal in simplified
geometrical domains is known analytically [28, 29], and progress has been made on more complex
geometries [30], however, solutions for heterogeneous domains of embedded, tightly packed cells,
such as those considered here, do not exist, necessitating a numerical solution of dMRI in the
tissue.

Numerical Methods

In this work we solve the Bloch-Torrey equation using the lattice Boltzmann method (LBM) on
a D3Qy stencil. This stencil corresponds to three dimensions and seven lattice directions (speeds).
Full details of the implementation are presented in [31] and only a rudimentary description is
given below. LBM is a mesoscale numerical scheme, employed here to simulate transport of the
complex-valued transverse magnetization on a discrete grid as M (x,t) = Zf:o gi(x,t), where

gi(x,t) is the complex spin probability distribution function representing the two components
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of the transverse magnetization vector. Using the Bhatnagar-Gross-Krook collision model with a

single relaxation factor (t), the evaluation of g; is approximated by a diffusion step,
| e
g{(ll,‘ +ei- 6X/ t) - gi(wlt) = _; [gi(ﬁﬂ, t) —g; a (ml t)] ’ (5)
followed by a reaction step,
Y T ,
gi(x, t+6t) =exp <— — —1iyG w15t> gi(z,t). (6)
T2

where 5x and 5t are the lattice spacing and time step respectively and e; represents the lattice
speeds. Intra-domain boundary conditions handle the effect of the semi-permeable sarcolemma
membrane while modified periodic boundary conditions account for the non-periodic magnetiza-
tion accumulation over the periodic geometry of the REV. Because the muscle tissue is modeled
as a unidirectional composite with infinite cylindrical fibers in the axial direction, translational
symmetry allows the use of a single node in that direction.

The numerical grid size is based on geometrical parameters. A node spacing of éx = 0.5 um
is used for the default grid and refined until at least four nodes span the extracellular space. In
the lattice Boltzmann method, the time step is related to the grid size through the relaxation
factor (1) and diffusion coefficient (D), 6t = ep &x?(t —0.5)/D, where ep = 1/4 for a D3Q7 stencil.
Because there are two different diffusion coefficients (intra- and extracellular), the average of the
two is used to define the time step with T = 0.95. This relaxation factor value is used because it
minimizes the numerical error in a homogeneous domain (see supplementary information, Figure
S1). The signal of the REV is calculated at time t = TE via equation 2.

For each simulation, six gradient directions and a non-diffusion weighted acquisition are
simulated [32], and the signal attenuation, E(q), is computed. To account for the effect of noise,
Rician noise is added to E(q) for SNR levels of 100 and 50. Noisy signal is simulated by adding
zero mean, unit-variance Gaussian noise, dividing by a scaling factor, adding this noise to both
real (n,) and imaginary (n;) components of E(q), and taking the norm of the resulting signal,
E(g)snr = [E(g) +nr +1iny| [8, 33]. Two version of the noisy signal are computed, the first with
no averaging and the second as the average of adding noise ten separate times. These resulting
signals were fit to a diffusion tenor using the fanDTasia ToolBox [34]. From the diffusion tensor,
FA, MD, RD and the tensor eigenvalues (A1,A2,A3) are calculated.

Global Sensitivity Analysis
To determine how changes in microstructure and pulse parameters affect the dMRI signal,

a global sensitivity analysis was performed, which characterizes how changes to the input
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parameters effect the variance of the model’s output, while making no assumptions about the
relationship between inputs and outputs [35]. The analysis decomposes the variance of the model’s
output into the variances of the individual input parameters and combinations of inputs. This
allows the determination of the contribution of each input parameter, as well as their interactions,
to the variance of the model output (FA, MD, etc.). We use the method developed by Saltelli et al.
[36, 37] as implemented in the open source SaLib python package [38]. Reviews of this method
have been presented elsewhere [39, 40].

This method computes the first, second and total-order sensitivity indices of the input pa-
rameters. First-order sensitivity indices describe the fraction of the total variance of the output
attributed to a particular parameter. For example, a first-order volume fraction sensitivity index of
0.50 for FA would mean that 50% of the total variance in FA can be described by volume fraction
changes alone. Second-order indices denote how the interaction of two parameters contributes to
the total output variance and total-order indices are the sum of first, second, and higher order
indices for each parameter. Parameters are sampled independently from a uniform distribution of
values within a range. The total number of model evaluations is 2N(p+1), where p is the number
of parameters and N is the number of independent samples of each parameter.

Microstructural parameter ranges were determined from reported literature values and are
presented in Table 1. Pulse parameters are also presented in Table 1. These pulse parameters
are typical for dMRI sequences performed on clinical scanners. We note in passing that the
combination of the upper end of the diffusion time and gradient strength correspond to b-values
that can result in dMRI signal with too low a SNR to measure in muscle (A = 750 ms, g = 8o mT/m
— b = 6568 s/mm?). Muscle has a short T,, which requires the implementation of stimulated echo
(STEAM) sequences for long diffusion times [22, 41]. STEAM sequences are not considered here;
instead, the simplified PGSE pulse was used for all simulations.

Parameter sampling was preformed using the Sobol scheme, which is a quasi-random, low
discrepancy method that allows more uniform coverage of the input parameter space than
traditional Monte Carlo methods [36, 42]. 5,000 samples were taken for each of the nine parameters
for a total of 100,000 parameter sets. These parameter sets defined the microstructural domain
and PGSE pulse sequence for which the Bloch-Torrey equation was numerically solved with the
lattice Boltzmann method. The resulting signals were used to calculate FA, MD, RD and the tensor
eigenvalues. A sensitivity analysis was performed for all six dMRI metrics for both noise-free

simulations and the two SNR levels both with and without averaging of the added noise.
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3 Results

The computations for the sensitivity analysis were performed on the San Diego Supercomput-
ing Center’s Comet cluster [43] which consists of nodes with 2 x 12 core CPU processors (Intel
Xeon E5-2680 v3 2.5 Ghz), and 128 GB DDR4 DRAM running CentOS 6.7. 40 nodes were used
to run three simulations simultaneously on each node, with each simulation using 8 cores. The
computer simulations for the entire study took approximately 7000 core hours. The numerical
results were post-processed to calculate the diffusion tensor and six dMRI metrics. For each of the
dMRI metrics (FA, MD, RD, A1, A3, and A3) and each noise level, a separate sensitivity analysis
was performed. A comparison of the noise-free sensitivity indices and the indices for SNR =
50 with both no averaging and averaging is shown in Figure 2. The comparison for SNR = 100
is shown in Figure 3. Non-zero second-order indices for noise free results are given in Table 2.
Additional results from the sensitivity analysis are available in the supplementary information
section.
4 Discussion
Effect of Synthetic Noise

The goal of this sensitivity study is to identify the affect of microstructural and PGSE pulse
parameters on dMRI measurements. An important additional consideration is how noise affects
this relationship, so we begin by examining the effect synthetic noise has on the sensitivity indices.
Focusing on the first-order indices, Figures 2a and 3a indicate that the largest effect of adding noise
is the decrease in sensitivity of MD and A; to both diffusion coefficients, as well as an increase in
sensitivity to gradient strength and diffusion time. Though the effect is stronger for lower SNR,
these changes occur for both SNR levels. Additionally, adding noise decreases FA’s sensitivity
to diffusion time. It also decreases the sensitivity of RD, A;, and A3 to diameter, permeability,
and both diffusion coefficients, although much of this change is within the confidence intervals.
Comparing sensitivity indices with and without averaging, one sees that not averaging yields a
decrease in first-order sensitivity to the majority of the microstructural parameters for all dMRI
metrics. However, averaging the signal over the different realizations generally results in indices
that are much closer to the noise free results. This result illustrates the importance of averaging
dMRI measurements if the intent is to use them to infer microstructural properties. The difference
with and without averaging is most pronounced for lower SNR level, although it is still noticeable
for SNR of 100.

Turning to the total-order indices, the effect of noise shown in Figures 2b and 3b is similar
to that seen for the first-order indices because total-order indices include the contribution of

first-order indices. One notable difference is the effect on FA of adding SNR without averaging.
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In this case, the sensitivity indices are consistently higher than the noise-free indices, however,
this effect disappears when averaging is performed. A similar, but weaker, effect occurs to Ay,
A2, and A3 for all microstructural parameters. Finally, adding noise increases the sensitivity to
gradient strength and diffusion time. Overall, the largest effect of adding noise, particularly when
averaging is performed, is the decrease in sensitivity to intracellular and extracellular diffusion

coefficients and the concomitant increase in sensitivity to gradient strength and diffusion time.

PGSE Pulse Parameters

Focusing more closely on pulse parameters, we first consider the noise-free results. FA, RD, A,
and A3 are all sensitive to diffusion time, while A; and MD are not. The same holds for gradient
strength, but to a lesser degree. The lack of sensitivity of A; to these pulse parameters is expected.
Our simplified model has no restrictions to diffusion in the axial direction, so the Gaussian
assumption used in calculating the diffusion tensor is correct. In the radial direction, however,
diffusion is restricted due to the finite permeability of cell membranes. As the diffusion time
increases, more interior spins interact with these membranes, leading to non-Gaussian transverse
diffusion and sensitivity to diffusion time. This non-Gaussian behavior is also reflected in the
dependence on gradient strength. Changing gradient strength leads to sampling the EAP, which
is non-Gaussian in the radial direction, at different g-values. When reporting muscle dMRI results,
it is important to report both diffusion time and gradient strength as both independently effect
radial diffusion; reporting only a b-value is not sufficient [25].

Adding noise increases the sensitivity of the model to both gradient strength and diffusion
time, particularly in terms of the total-order indices. A possible explanation for this increase is
that gradient and diffusion time are the parameters that most directly effect the magnitude of
E(q). Longer diffusion time and higher gradient strength both cause smaller E(g), leading to a
more pronounced effect of noise. This also explains why A; is the parameter most affected by
noise because E(q) is always lowest in the A direction. The effect of noise on E(q) leads to errors
in fitting the diffusion tensor which, in turn, affects all computed dMRI metrics. Minimum SNR
levels of 40-60 have been suggested for muscle DTI [8]; our results suggest that adding noise
at such levels does not preclude the interpretation of muscle dMRI in terms of its underlying
microstructure, though care must be taken in assuring appropriate averaging is preformed.
Microstructural Parameters

Next, we consider the sensitivity indices of the microstructural parameters. Our results give
insight into which microstructural features are important to consider and which can be ignored.
The diffusion coefficients for the intra- and extracellular domains have the largest first-order

effect on all parameters except FA. These diffusion coefficients form the basis of the measured
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diffusion tensor so their strong influence is unsurprising. Similarly, FA is a ratio of eigenvalues
so the effect of diffusion coefficients is weakened. These effective diffusion coefficients represent
the cumulative effects of sub-cellular restrictions. The results of Winters et al. [6] indicate that
there is a time dependence in the A; direction, which may relate to structures such as z-disk or
sarcomere spacing, so there may be additional structural information available in these effective
compartmental diffusion coefficients which was not considered here.

After the diffusion coefficients, the next most sensitive microstructural parameter is cell
diameter, though it only effects metrics heavily influenced by radial diffusion (FA, RD, A,, and A3).
The affect of cell diameter on radial diffusion has been illustrated previously [22, 44], and these
current results bolster the claim that diameter can be inferred from the dMRI signal. The final
microstructural parameter that has a substantial first-order effect is permeability, although, again,
only in the radial direction.

Two parameters that have little to no influence are the T, relaxation values. Many models
of dMRI in muscle do not consider the effects of T, [45—47], with the rationale that T, effects
disappear when normalizing by the non-diffusion weighted signal. There is a large difference
in the intra and extracellular diffusion coefficients, so it is not possible to completely factor out
the two different T, effects. This difference does influence the signal behavior as permeability
increases [9, 48], however, our results suggest that this effect is minimal when compared with the
effects of other microstructural parameters. So the present results indicate that T, effects are not

necessary to model in dMRI of skeletal muscle.

Second-Order Indices

Looking at the second-order indices for the noise-free results, Table 2 shows that only four
indices have a noticeable effect. These are diameter & volume fraction, diameter & intracellular
diffusion coefficient, volume fraction & extracellular diffusion coefficient, and volume fraction &
intracellular diffusion coefficient. These four combinations can each be related to key microstruc-
tural parameters. Diameter & volume fraction define the extracellular length scale while diameter
& intracellular diffusion coefficient is related to the intracellular diffusion distance necessary
to encounter diffusion barriers such as the cell membrane. For the primary eigenvalue, the
combination of the volume fraction and diffusion coefficients reflects the notion that A7 is the sum
of the volume-weighted components of free diffusion in the axial direction.

In the radial direction (RD, A, and A3), volume fraction & diameter again describe the extra-
cellular length scale and the extent to which extracellular diffusion is hindered, while volume
fraction & the extracellular diffusion coefficient give a measure of how easily the spins can move

through this hindered extracellular space. An interesting result of examining these second-order
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indices is that even though volume fraction has low first-order sensitivity, it has a noticeable effect
when combined with other parameters. It is noteworthy that even in these densely packed cell
arrangements, the extracellular space has a significant effect on the signal. This suggests that it

should be possible to extract extracellular information from dMRI measurements.

Comparison with Prior Studies

Comparing these results with those reported by prior studies, we note a number of similarities
and differences. Hall and Clark [10] and Berry et al. [11] did not examine the role of the
diffusion coefficient, and Bates et al. [12] kept both intra and extracellular diffusion coefficients
the same. Our results suggest that both intra and extracellular effective diffusion coefficients
have a substantial effect on dMRI signal. Some models of muscle dMRI only use one diffusion
coefficient to represent the entire muscle [10-12, 22, 45], however, the histoarchitectures of the
intra- and extracellular regimes are substantially different. The extracellular space consists of
a collagen fiber matrix, while the intracellular space contains myofibrils, sarcoplasmic reticuli,
mitochondria, t-tubles and cell nuclei. There is no reason to assume that these restrictions lead to
similar effective diffusion coefficients. In fact, preliminary evidence suggests that muscle consists
of multiple pools of diffusion coefficients [49]. Since both coefficients substantially affect the signal,
further investigation is needed to determine how different these effective diffusion coefficients
are and if it is appropriate to combine them into a single coefficient. The effect of subcellular
structures on the effective diffusion coefficients points to limitation of the simplified structural
model of muscle used here, especially in modeling axial diffusion. Future improvements of the
tissue model will do well to incorporate the effect of subcellular structures such as sarcomere
length [6], or myofibril distribution [10] on the determination of effective diffusion coefficients.

The differences between prior results and the present study extend to permeability and
diameter as well, which were considered by Hall and Clark [50] and Berry et al. [11] but with
disparate results. Hall and Clark examined the change in entropy of the signal and found that
permeability has the largest effect on this measure. Berry et al. found that fiber diameter has a
larger effect. Our results agree with Berry et al, although we find that diameter has a stronger
relative effect compared to permeability than they report. A caveat in comparing these results is
the difference in model setup. Hall and Clark used a muscle tissue model consisting of cylinders
embedded in larger cylinders and considered a impermeable baseline case. These embedded
cylinders are more representative of myofibrils than myocytes. As such, the change in permeability
of these embedded cylinders compares more directly to a change in the effective intracellular
diffusion coefficients in our model, in which case our results agree with theirs. Berry et al.

modify the permeability of the myocytes by randomly deleting the cell wall of a portion of the
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cells in the domain, leading to completely permeable cells. This is in contrast to our use of a
semi-permeable membrane on all cells and may explain the differences in results. We model
membrane permeability as a change in flux. This treatment more closely relates to membrane
damage found in dystrophin-deficient muscle [4, 5] and muscle metabolism [6]. Bates et al. also
model permeability in this way, but do not systematically examine its effect.

Another key difference with previous studies is the treatment of pulse parameters. Berry et al.
examine a single diffusion time and gradient strength. Bates et al. considers these parameters
individually, although their sensitivity analysis is performed at a single diffusion time and gradient
strength. Hall and Clark examine the parameter space of diffusion time and gradient strength
but use them as fixed parameters in their study. In contrast, we treat diffusion time and gradient
strength as input parameters to the sensitivity analysis. This allows a comparison of the effects
these parameters have on the dMRI signal relative to the microstructural effects.

Comparing sensitivity results as a whole, the present results agree most closely with Berry
et al. and Bates et al. They do not agree with Hall and Clark, likely due to the tissue model
differences mentioned above. Our general agreement with Berry et al. and Bates et al. is notable;
they both perform their analysis using relatively short diffusion times (9 and 7 ms respectively)
while we consider a much larger range of diffusion times and gradient strengths. This similarity
suggests that the influence of individual parameters does not change for different diffusion time
and gradient strengths, a point further supported by the lack of significant second-order sensitivity

indices related to diffusion time or gradient strength.

Usefulness of Sensitivity Indices

Sensitivity indices are only meaningful if the parameter ranges are realistic. The sensitivity
indices are global indices and describe the effect over the prescribed range as a whole. If a
parameter actually has a much smaller or larger range, this will change its effect on the dRMI
signal. The parameter ranges chosen are intentionally broad to include the majority of values
reported in the literature. Additional measurements will allow refining these parameter ranges
leading to more accurate sensitivity indices. Despite this uncertainty, the results presented here
can still help identify important microstructural parameters to control for. For example, if one
wishes to measure permeability, diffusion coefficients need to be carefully estimated, since any
change in them could easily overwhelm any measured change in permeability. Another possible
use of these results is in making comparisons between dMRI metrics. As an example, if an
experiment measures a difference in MD but not in FA (like that reported between athletes and
non-athletes [51]), then this is unlikely to be caused by changes in diameter or permeability, as

both of these have higher sensitivity to FA than MD. Rather, it is likely that intra and extracellular
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diffusion coefficients are better candidates to explain such a difference as they have small impact
on FA but a much larger one on MD. Such an analysis does not conclusively prove the effect of
a microstructural parameter, but does help identify candidates and rule out others for further
investigation.
5 Conclusion

The goal of this study is to determine which microstructural parameters most influence
muscle dMRI signal over a wide range of possible PGSE pulse sequences. We performed a global
sensitivity analysis of the effect microstructural and PGSE pulse parameters have on dMRI metrics
of FA, MD, RD and the diffusion tensor eigenvalues. We examined the effect that adding synthetic
noise (SNR levels of 50 and 100 both with and without averaging), have on the sensitivity indices.
We conclude that the effect of noise is important, but that averaging mitigates its effect. We find
that diffusion time and gradient strength are important independently, and therefore, both should
be reported in dMRI experiments. We report that diffusion coefficients have the largest effect on
the examined microstructural parameters, and that diameter is more influential than permeability
in the transverse direction. We also conclude that dMRI is sensitive to extracellular parameters
suggesting that such extracellular information can be extracted by solving the corresponding
inverse problems. By identifying the key microstructural features that affect dMRI measurements,
the present sensitivity results can help interpret dMRI signal measurements and inform further
model development by reducing the number of microstructural parameters considered, such as

intra- and extracellular T,.
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Figure 1: a) Pulsed Gradient Spin Echo (PGSE) sequence for dMRI and b) periodic muscle fiber
model. Solid rectangle designates the representative elementary volume (REV) in the x-y plane.
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Figure 2: First-order indices (a) and total-order indices (b) for dMRI signal simulations with no
added noise (bar), with added SNR of 50 and no averaging (A), and with SNR of 50 and 10
averages (o). Error bars are confidence intervals.
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Figure 3: First-order indices (a) and total-order indices (b) for dMRI signal simulations with no
added noise (bar), with added SNR of 100 and no averaging (v), and with SNR of 100 and 10
averages (x). Error bars are confidence intervals.
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Table 1: Range of input parameters used in Sobol sensitivity study; parameters span range of
experimentally observed values.

Parameter Range References
Myocyte Diameter 10 - 8 um [47, 52-57]
Myocyte Volume Fraction 0.70 - 0.95 [55, 58, 59]
Sarcolemma Membrane Permeability 10 - 100 pm/s [47, 56, 60, 61]
Intracellular Diffusion Coefficient 0.5 - 25 um?/ms [49,58, 62, 63]
Extracellular Diffusion Coefficient 05 - 25 um?/ms [49,58, 62, 63]
Intracellular T, Relaxation Time 20 - 40 mS [8, 58, 62—66]
Extracellular T, Relaxation Time 80 - 140 ms [62-65]
Gradient Strength 10 - 8 mT/m

Diffusion Time 10 - 750 ms [22, 41, 67]

Table 2: Selected second-order indices for noise-free results. See supplementary information for
all second-order results.

Fractional Anisotropy (FA)

Diameter & Volume Fraction 0.08 +0.04

Diameter & Intracellular Diffusion  0.05 4 0.04

Mean Diffusivity (MD)

Volume Fraction & Extracellular Diffusion  0.05 =4 0.02

Radial Diffusivity (RD)

Diameter & Volume Fraction 0.04 £0.03
Volume Fraction & Extracellular Diffusion 0.04 4 0.02

Primary Eigenvalue (),)

Volume Fraction & Intracellular Diffusion  0.06 & 0.02
Volume Fraction & Extracellular Diffusion 0.06 4 0.02

Secondary Eigenvalue ()\;)

Diameter & Volume Fraction 0.04 +0.03
Volume Fraction & Extracellular Diffusion 0.04 4 0.02

Tertiary Eigenvalue ()\;)

Diameter & Volume Fraction 0.04 +0.03
Volume Fraction & Extracellular Diffusion  0.04 & 0.02
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