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Introduction

Peripheral neuropathies may precipitate muscle denervation, 
whereby loss of innervation at the neuromuscular junction 
results in muscle weakness. The diagnostic workup of 
peripheral neuropathies includes a physical exam and 
frequently, needle electromyography (EMG) to qualify 

the degree of muscle denervation. Peripheral nerve MRI 
[MR neurography (MRN)] may be used as an adjunct to 
directly visualize nerves and muscle. MRN affords the 
ability to simultaneously evaluate many muscles, included 
deep-seated ones, which may be difficult to access by 
EMG. Standard, qualitative MRN uses T2-weighted, fat 
suppressed sequences (1) that depict muscle edema during 
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active denervation (2) and preceding fatty infiltration in the 
chronically denervated state (3). To better quantify muscle 
changes, quantitative techniques such as T2- (4,5) and fat 
fraction (FF)-mapping (5,6) have been employed to assess 
the extent of extracellular edema and fatty infiltration, 
respectively. Quantitative T2-mapping may also provide 
superior correlation to EMG as compared to qualitative 
imaging (7). 

Quantitative diffusion-weighted imaging (DWI) 
may complement T2- and FF-mapping to assess muscle 
denervation (4). DWI depicts the microscopic movement 
of water molecules restricted by impermeable or semi-
permeable tissue boundaries. In muscle, diffusion imaging 
has demonstrated sensitivity to microstructural changes 
following exercise (8), and in the assessment of primary 
myopathies (9,10). Monte-Carlo simulations have shown 
that muscle cell size (or diameter) most strongly influences 
diffusion anisotropy and mean diffusivity (11). More 
specifically, decreased muscle diameter results in reduced 
radial diffusivity and increased fractional anisotropy 
(FA). Animal (12,13) and human microscopy studies (14) 
have both demonstrated that muscle denervation leads 
to decreased muscle diameter and increased diffusion 
anisotropy (13). However, muscle denervation studies may 
be either confounded by effects of edema due to transection 
surgery (4,13,15,16) or biased by increased T2 when 
signal-to-noise ratio (SNR) is inadequate (15), motivating 
investigating muscle DWI and T2 in vivo in humans.

Muscle DWI typically uses lower diffusion-encoding 
b-values (300–800 s/mm2) than those used in the brain  
(≥800 s/mm2), in part because of the higher mean diffusivity 
(~1.6 µm2/ms) and lower anisotropy (~0.1–0.3) in muscle (17).  
Also, the need for shorter echo times (TE) to sample short 
T2 [normal muscle T2 ~31.7 ms at 3T (18)] incentivizes 
reducing b-values to shorten TE, while keeping repetition 
time (TR) >3 seconds (muscle T1 ~1.4 s at 3T). Previous 
attempts to model muscle diameter with diffusion have 
utilized multiple diffusion mixing times (17-19) with either 
cylindrical (19) or random-permeable (20,21) models. While 
these approaches thoughtfully utilized stimulated-echo 
diffusion preparation to obtain shorter TEs (<50 ms) and to 
interrogate longer diffusion time scales (30–1,500 ms) (22), 
they reported underestimation of muscle diameter versus 
histology (19-21): ~30–40 vs. ~50–70 µm (20) and ~40–55 µm  
vs. ~55–70 µm in another (21). Other human limb muscle 
histology studies had reported muscle diameters of  
53±16 µm (23) and 62.4–72.2 µm (24). Furthermore, 
histology may be subject to further shrinkage depending on 

the fixation method (25), which if true, increases the degree 
of muscle diameter underestimation. Absence of a multi-
compartment model and unaccounted contributions from 
long-range extra-cellular diffusivity in the interconnected 
endomysium surrounding the muscle fibers have been 
proposed as reasons for this underestimation (21). 

To reduce sensitivity to long-range diffusivity in the 
endomysium, smaller ∆ time intervals could be utilized, 
which are typical to the more commonly-used spin-echo 
diffusion preparation. While spin-echo preparation cannot 
feasibly acquire long ∆ time intervals (given spin-echo 
TE≈2∆), it provides twice the signal and has shorter scan 
times than stimulated-echo preparation due to its higher 
multi-slice-efficiency. Furthermore, improvements to MRI 
gradient hardware performance have enabled shorter TEs 
(<60 ms) to be achieved with spin-echo preparation. To 
incorporate multi-compartment models, the previously 
proposed cylindrical model (19) could be used. However, 
the model contains many terms for fitting (intracellular 
water diffusivity, parallel diffusivity, extracellular water 
diffusivity in addition to diameter and diffusion orientation), 
which may require up to 104 diffusion directions (19) 
encompassing multiple b-values in order to resolve all 
of these terms adequately. To avoid over-parameterized 
diffusion fitting that can cause poor convergence and 
sensitivity to noise, the data dimensionality could be 
reduced by selecting fewer appropriate parameters to 
improve fitting accuracy. This could be achieved, for 
instance, with dictionaries for improving angular fitting 
(26,27). Additionally, tissue-specific multi-compartment 
models (28,29) could provide an efficient basis set by 
utilizing tissue-specific diffusivity values from the literature.

This work proposes a diffusion-based method with 
tissue-specific, multi-compartment modeling to estimate 
the skeletal muscle cell (myocyte) diameter, subsequently 
referred to as the apparent muscle fiber diameter (AFD), 
using spin-echo diffusion preparation. The primary aim 
was to assess AFD changes due to muscle atrophy in muscle 
denervation subjects. It was hypothesized that AFD would 
be significantly reduced in denervated muscle relative 
to non-denervated muscle. Quantitative T2- and FF-
maps were also acquired to determine their correlation to 
diffusion metrics. 

Methods

To obtain the AFD, an orientation-invariant dictionary-
based approach was proposed (Figure 1A). The dictionary 
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was generated by first using different simulated muscle fiber 
diameters and fluid weightings as inputs, and the forward 
model-generated diffusion signals as outputs. Diffusion 
signals were then fitted using both a multi-compartment 
model (28) and the DTI model to obtain diffusion metrics 
(note: only the multi-compartment model was utilized 
in the final dictionary for reasons evident in the results). 
When averaged across a large number of fiber orientations, 
the diffusion metrics become orientation invariant. The 
dictionary was formed by the matrices of diffusion metrics 
vs. fiber diameter and fluid weighting (Figure 1B). The 

diffusion metrics resulting from fitting the image data were 
referenced against the dictionary to infer the AFD and 
apparent fluid weighting (AFW). 

Forward model utilizing a cylinder model

The forward model assumed spins from a combination of 
muscle and extracellular fluid (blood, synovial fluid, not 
endomysium) compartments. For the muscle compartment, 
a well-known, closed-form expression for cylinder-based 
(19,30,31) radial-diffusivity was used with these parameters: 

Figure 1 Orientation-invariant dictionary. (A) Flowchart, showing process of dictionary generation beginning with generation of radius (r) 
and apparent fluid weight (ρ) using a forward model, followed by fitting (solid arrows), followed by fitting the acquired data (dashed arrows), 
to look up apparent fiber diabeter (AFD or 2r) and apparent fluid weighting (AFW or ρ) from the dictionary. (B,C) Exemplary maps of 
restricted (fRes) and free (fFre) fractions dictionaries with AFD and AFW as inputs.
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cylinder radius, r, and intrinsic intracellular water 
diffusivity, D0. For axial-diffusivity D//, Gaussian diffusivity 
was assumed. The fluid compartment assumed isotropic, 
Gaussian diffusivity, DF, for depicting either perfusion or 
corruption by bulk motion, whereby the fluid weighting 
was denoted ρ. The AFD is the dictionary-inferred value 
of 2r, and AFW that of ρ. The diffusivity signal for the 
i-th acquisition, Si, could be expressed as a weighted sum 
of signals arising from the intracellular compartment SM,i, 
the extracellular fluid compartment SF,i and additive noise 
(Gaussian in complex, Rician distribution in magnitude) η:

 ( ) ( ) ( ) ( ), ,, , , ,Δ 1 , , ,Δ , ,Δi M i F iS r g S r g S gρ δ ρ δ ρ δ η= − + +
  

	[1]

Signals were generated as a function of diffusion 
sampling parameters used in the pulse sequence, which 
included the maximum b-value used, b, the gradient vector 
 g
 , the pulse width δ, and the inter-pulse interval ∆. To 
render orientation invariance between the chosen gradient 
vector table and the primary muscle fiber axis, the signal of 
Eq. [1] was computed multiple times (Norientations~30), each 

at different orientations tessellated on a unit sphere. The 
forward model generation of the dictionary represents a 
small computational overhead per scan, about 50 seconds 
(2.8GHz Quad-Core Intel i7, 16GB RAM). The equations 
for SM,i and fluid SF,i are included in Appendix 1. 

	

Fitting with multi-compartment model 

Fitting of the simulated data from the forward model was 
performed with both DTI and a tissue-specific multi-
compartment model (28). DTI provides standard metrics 
such as mean diffusivity (MD), axial diffusivity (AD), radial 
diffusivity (RD) and FA. Multi-compartment modeling 
combines a high degree of freedom for fitting with an efficient 
basis set for tissue-specific diffusivity values to be used, as 
applied for brain (28), peripheral nerve (29) and breast (32) 
anatomies. For skeletal muscle, the multi-compartment 
model used 192 degrees of freedom (Table 1), assumed 
diffusion signal as a summation of anisotropic (muscle) and 
isotropic (muscle and extracellular fluid) compartments, and 
outputs compartment fractions for each assumed diffusivity 

Table 1 Parameters of the multi-compartment model, forward model parameters and the dictionary

Diffusion Group and its Fraction
Range of mean diffusivity (µm2/ms), linearly  
distributed within the range by K intervals

Fractional  
anisotropy

# of compartments  
(Diffusivity × Directions, K × N)

Multi-compartment model parameters

Restricted, fRes 2.1–2.4 0.11–1.00 3×60

Hindered, fHin 0.6–2.2 0.0 5×1

Free, fFre 6.0–30.0 0.0 5×1

Noise/Fat, fNoise 0.2–0.4 0.0 2 ×1

Forward model parameters

Intracellular Water diffusivity, D0 (µm2/ms) 3.3

Restricted parallel diffusivity, D// 2.1

Number of orientations, Norientations 30

Extracellular Extracellular fluid diffusivity DF (µm2/ms) 15.0

Imaging Nominal mixing time, ∆ (ms) 19.5

Nominal pulse width, δ (ms) 11.7

Nominal b-values [and directions] 375 [13], 750 [27]

SNR 200

Dictionary parameters

Apparent fiber diameter, 2r (AFD, µm) 1.0 to 120 (steps of 1.0)

Apparent fluid weight, ρ (AFW) 0 to 1.0 (steps of 0.01)

https://cdn.amegroups.cn/static/public/QIMS-21-313-supplementary.pdf
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value, as detailed in Appendix 2. Four compartment groups 
were assumed: restricted (fRes, with anisotropic diffusivity 
approximating muscle), hindered (fHin, isotropic with mid-
range diffusivity approximating generic tissue including 
muscle), free (fFre, isotropic with high diffusivity approximating 
fluid from perfusion, synovium and motion) and noise/fat (fFat, 
isotropic and low diffusivity), whereby fRes + fHin + fFre + fFat =1. 
In particular, fRes is analogous to FA, but potentially excludes 
effects due to perfusion and motion.

 	  

Orientation-invariant dictionary 

For every set of {r, ρ, orientation} values, every diffusion 
metric was averaged across fiber orientations a {fRes, fFre, MD, 
AD, RD, FA}-by-{r, ρ} orientation-invariant dictionary. 
The fat and hindered compartments may be excluded from 
the dictionary (but not from fitting) if fat is negligible and 
hindered is redundant (fractions sum to one). Diffusion 
metrics from the actual diffusion acquisition itself are used 
to lookup {2r=AFD, ρ=AFW} values from the dictionary. 

Signal simulations

The values for the compartments (Table 1) were chosen to 
approximate skeletal muscle (restricted) (8,10,11), generic 
isotropic soft tissue (hindered) and blood flow and synovial 
fluid (free). For the forward model, intracellular diffusivity 
D0, was set to approximate water diffusivity at human 
body temperature (33), while axial diffusivity D// was set to 
approximate values in the literature (17). The range of values 
for 2r (10 to 120 µm) considered literature values (21,23,24) of 
muscle diameter. A 120-by-100 {r, ρ} dictionary was generated.

Simulation goals were to evaluate (I) how metrics varied 
with r, SNR, ρ, D0 and D//, and (II) which metrics were 
sufficient to obtain AFD=2r while providing the lowest bias 
and precision errors. The values of 2r evaluated were from 15 
to 110 µm to stay within the dictionary values (10 to 120 µm).  
The impact from variation in the following parameters were 
also evaluated: SNR (varied from 15–1,000), ρ (0–0.15),  
D// (1.9–2.5 µm2/ms) and D0 (2.7–3.6 µm2/ms). Each 
parameter was simulated at four intervals. Each simulation 
involved 30 noise instances. To allow different diffusion 
metrics to be compared, precision error ε and bias error β as 
derived in Appendix 3 were computed in units of r (µm).

Human subjects imaging protocol 

The study was conducted in accordance with the 

Declaration of Helsinki (as revised in 2013). Under an 
IRB-approved protocol (IRB 2015-441), we prospectively 
recruited and obtained written consent from 16 patients (age 
=44.5±16.6 years, 7 female, 9 male) undergoing standard-
of-care MRN with suspected denervation of shoulder 
girdle muscles based on electrodiagnostic findings and 
qualitative real-time MRI assessment. A total of 18 patient 
exams were included (2 with bilateral denervation). Bilateral 
shoulder MRI (n=8 total exams) was acquired in 4 healthy 
volunteers (age =25.6±1.3 years, 1 female, 3 male), to 
serve as unmatched controls. ROIs were placed manually 
within six separate muscles (supraspinatus, infraspinatus, 
subscapularis, and deltoid anterior/middle/posterior heads) 
on 3 or more images (of area 1.16±0.98 cm2) from a 3D 
gradient-echo acquisition, avoiding inclusion of tendon slips 
or the peripheral investing fascia. 

Muscles were categorized into three groups – control 
(healthy volunteers), non-denervated (patients) and 
denervated (patients). Denervation was determined by 
one board-certifed radiologist by the presence of diffusely 
increased muscle signal intensity (‘edema pattern’) on 2D 
T2-weighted Dixon-FSE water (fluid-sensitive) images, 
acquired as part of the standard-of-care MRN protocol. 
Excluding muscle ROIs with EPI artifacts or specific 
muscles not captured within the FOV, there were a total 
of 47 control (8 control exams × 6 ROIs minus one outside 
FOV), 36 non-denervated, and 68 denervated (18 exams × 
6 ROIs minus four with artifacts) muscles evaluated. EMG 
results were available for 15 of the 18 patient scans (52/68 
denervated muscles) and these confirmed the presence 
or absence of muscle denervation. Control subjects were 
confirmed to not have muscle edema patterns on MRI, 
upon radiologic review.

MRI was performed at 3T field strength (Signa 
Premier, GE Healthcare, Chicago, IL, USA) with oblique-
axial, multi-b-valued DTI with FOV =27 cm, TR/TE/
ESP =3,300/56/0.6 ms, b-value =0 s/mm2 (2 directions),  
375 s/mm2 (13 directions) and 750 s/mm2 (27 directions),  
3 mm-isotropic resolution, 35–38 slices, and 5 minutes total 
scan time. Two shots with multiplexed sensitivity encoding 
(MUSE) reconstruction, and parallel imaging factor =1.5 
were used to reduce effects of image distortion. Two, 
16-channel flexible receiver coil arrays (Neocoil, Pewaukee, 
WI, USA) were used. The diffusion pulses used gradient 
amplitudes of 6.68–6.70 G/cm, ∆=19.5–22.7 ms, and 
δ=11.1–11.9 ms, and were stored on the DICOM header to 
generate scan-specific dictionaries. 

For comparison against diffusion metrics, 2D FSE T2-

https://cdn.amegroups.cn/static/public/QIMS-21-313-supplementary.pdf
https://cdn.amegroups.cn/static/public/QIMS-21-313-supplementary.pdf
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mapping was performed with eight echoes and an echo 
spacing of 11 ms, along with B1+ mapping using the Bloch-
Siegert method (34). For FF-mapping, 3D two-point Dixon 
gradient echo was used. Total scan time for the quantitative 
sequences (diffusion, T2, B1+ and FF-mapping) was under  
10 minutes. 

Processing of quantitative images

The diffusion images were corrected for gradient 
nonlinearity bias (35) to obtain MD, RD, AD, FA, fRes, 
fHin, fFre, fFat, AFD and AFW; this was essential due to the 
typically large offset of the shoulder muscles with respect 
to magnet isocenter. T2-maps were processed with B1+ 

correction (36), while fat fraction (FF) and T2-maps were 
adjusted for relaxation (37), assuming nominal values of 
muscle at 3T (T1=1,420 ms, T2=38 ms). Non-rigid image 
registration (38) was used to align both T2-mapping 
magnitude and diffusion b=0 images to the 3D gradient-
echo water image for analysis (Elastix, RRID:SCR_009619).

Statistical analysis

A two-sample t-test (type I error, α=0.05) was used to 
compare each metric among the three groups: control, non-
denervated and denervated muscles (R, The R Foundation). 

Holm-Bonferroni correction was applied for multiple 
comparison. Comparisons were also made for each muscle 
region using Wilcoxon rank sum test, if at least 6 datapoints 
were available. 

Pearson correlation between the key metrics of AFD, FA, 
T2 and FF was also performed to determine associations. 
Correlation (anti-correlation) between 0 to 0.29 (0 to −0.29) 
was deemed negligible, 0.30 to 0.49 (−0.30 to −0.49) low, 
0.50 to 0.69 (−0.50 to −0.69) moderate, 0.70 to 0.89 (−0.70 
to −0.89) high, and 0.90 to 1.00 (−0.90 to −1.00) very high.

Results

Simulations

Figure 2 shows increasing the simulated diameter increased 
MD (Figure 2A), RD (Figure 2B), fHin (Figure 2F), and 
fFre (Figure 2G), but decreased FA (Figure 2D) and fRes 
(Figure 2E). AD (Figure 2C) was constant with diameter. 
Changes to fFat (Figure 2H) were negligible (~0.4% effect). 
Reducing SNR increased errors (Figure 2A-H). For every 
SNR level tested, the best precision was found in fRes, with 
ε(fRes)=0.45-1.54 µm (as evident in Figure 2E). Bias resulting 
from varying SNR was also lowest in fRes [ε(fRes,SNR)=0.36 µm], 
depicted by the close trendlines in Figure 2E. 

Figure 3 shows increasing ρ increased MD (Figure 3A), 

Figure 2 Simulation results of diffusion metrics obtained at different simulated fiber diameters and signal-to-noise (SNR) levels, for mean 
diffusivity (A), radial diffusivity (B), axial diffusivity (C), fractional anisotropy (D), and compartment fractions for restricted diffusion (E), 
hindered diffusion (F), free diffusivity (G) and fat/noise (H).
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Figure 3 Simulation results of mean diffusivity (A-C), fractional anisotropy (D-F), restricted fraction (G-I) and free fraction (J-L) under 
different apparent fluid weight (left column), parallel diffusivity (middle column), and intracellular water diffusivity (right column). 
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Figure 4 Bland-Altman plots of apparent fiber diameter (AFD) under simulated variation of signal-to-noise ratio (SNR) (A), ρ (B), parallel 
diffusivity (C), and intracellular water diffusivity (D), with ±20% deviation dashed lines indicated. While most plots were within 20%, at the 
smallest diameter of 10 µm, mean errors below −20% (−3.6 to −9.9 µm) were observed. 

but decreased FA (Figure 3D). Increasing D// increased MD 
(Figure 3B) across all diameters and FA (Figure 3E) at larger 
diameters. Increasing D0 increased MD (Figure 3C) across all 
diameters but decreased FA (Figure 3F) at larger diameters. 
The trendlines for fRes were similar to that of FA, but were 
more closely distributed. The biases and precision errors in 
fRes were lower than in FA [β(fRes)=0.36–1.89 µm vs. βFA=1.36–
5.18 µm, ε(fRes)=0.44–0.68 µm vs. εFA=0.65–3.06 µm].  
For every set of simulated parameters, bias and precision 
were the best in fRes. Figure 3J,3K show the plots for fFre, 
which increased slightly with increased AFW, D// and D0. 
The trend in fFre appeared to be complementary to fRes. 

Figure 4 shows Bland-Altman plots of radial AFD error 
versus simulated 2r (AFD-2r), with AFD obtained with a 
dictionary using only fRes and fFre. Reduced SNR and reduced 
D0 resulted in lower AFD. D// and ρ changes did not alter 

AFD significantly. All mean errors were within ±20% 
deviation. 

In vivo comparisons between muscle groups

The mean AFD in controls was 89.7 µm, non-denervated 
was 71.2 µm, and denervated was 60.7 µm (Table 2). 
Significant differences in AFD (denervated < non-
denervated < controls), FA (denervated > non-denervated > 
controls), T2 (denervated > non-denervated > controls), FF 
(denervated > non-denervated, and deneverated > controls) 
and RD (denervated < controls) were observed. 

For comparisons by muscle regions (e.g., supraspinatus, 
infraspinatus, etc.), 6 muscles could be compared between 
controls and denervated, but only 3 muscles could be 
compared between non-denervated and controls/denervated 
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each (Table 2). This yielded 12 total comparisons per metric. 
Statistically-significant differences were noted for AFD 
(10/12), FA (3/12), T2 (11/12), FF (4/12) and RD (1/12). 

Figure 5 demonstrates how quantitative differences 
could be observed in the denervated muscles relative to 
surrounding non-denervated muscles on FA, AFD and T2-
maps. MD, RD and AD did not provide contrast between 
non-denervated and denervated muscles. 

Figure 6 shows higher AFD maps in muscles of healthy 
control (Figure 6C,6D), relative to those from a patient 
with idiopathic neuropathy causing severe muscle weakness 
(Figure 6G,6H). 

Correlation between quantitative maps in vivo

Low correlation between AFD and FA was observed (−0.450, 
P<0.001) (Figure 7A). Moderate correlation was observed 
between FF and T2 (0.544, P<0.001) (Figure 7B), but the 
linear trend appeared to deviate into two at high T2 (>45 ms):  
one with high FF (>20%), and the other with low FF. 
Low correlation between FA and T2 (0.365, P<0.001) was 
observed (Figure 7C), while correlation between FA and 
FF was negligible (0.184, P=0.024) (Figure 7D). Moderate 
correlation between AFD and T2 (−0.532, P<0.001) was 
observed (Figure 7E). There was a cluster of very high T2 
(>80 ms) datapoints with smaller FA (0.17–0.22) and larger 
AFD (55–105 µm), which deviated from the linear fit. Low 
correlation was observed between AFD and FF (−0.395, 

P<0.001) (Figure 7F); a cluster of datapoints with high FF 
(>20%) were observed to have mid-range FA but low AFD. 

Discussion

This work proposes a new apparent fiber diameter (AFD) 
metric, obtained by an orientation-invariant dictionary 
modeling muscle fibers as cylinders with radial, restricted 
diffusivity. Significant AFD differences between denervated, 
non-denervated and normal control muscles were observed. 
Simulations suggest that lower AFD in denervated muscle 
could be explained by either a true reduction in muscle 
diameter, reduced intracellular diffusivity, or lower SNR. 
The latter two reasons could be ruled out. Increased, rather 
than decreased, intracellular diffusivity (D0) would be 
expected in muscle denervation due to the breakdown of 
myofibrillar proteins. As such, it was unlikely that decreased 
D0 caused lower AFD in denervated muscle. The SNR was 
also unlikely to be lower in patients, because T2 (and hence 
SNR) was likely higher in denervated muscle. We have 
anecdotally measured mean SNR between 46–196 in two of 
the patient subjects, which was just under our targeted SNR 
of 200 but was within range of the simulated SNRs. While 
reduced AFD (by 18.1 µm) and increased T2 (by 3.1 ms) 
between normal muscles in controls and non-denervated 
muscles in patients were unexpected, these could be due to 
differences in age, cumulative effects of protein breakdown 
due to disuse [0.5–0.6% per day (39)] or alternatively, 

Table 2 Summary of in vivo results comparing healthy controls vs. non-denervated patients (Non-den.) vs. denervated patient muscles (Den.), 
with mean and P values from two-sample t-tests (α=0.05, statistical significance with Holm-Bonferroni correction for multiple comparison  
indicated by *), and number of statistically-significantly different muscle regions of interests (ROIs)

Metrics

Mean (Standard Deviation) Values P values
Number of statistically-significant 
different muscle ROI comparisons

Controls Non-den. Den.
Controls vs. 
Non-den.

Non-den. vs. 
Den.

Controls vs. 
Den.

Controls  
vs. Non-den.

Non-den. 
vs. Den.

Controls 
vs. Den.

MD (µm2/ms) 1.782 (0.119) 1.802 (0.234) 1.739 (0.217) 0.639 0.171 0.177 0/3 0/3 0/6

FA 0.148 (0.045) 0.173 (0.051) 0.219 (0.056) 0.021* <0.001* <0.001* 0/3 0/3 3/6

AD (µm2/ms) 2.073 (0.106) 2.133 (0.200) 2.143 (0.192) 0.092 0.802 0.017 0/3 0/3 0/6

RD (µm2/ms) 1.637 (0.146) 1.636 (0.262) 1.536 (0.243) 0.979 0.055 0.008* 1/3 0/3 0/6

AFD (µm) 89.68 (13.59) 71.57 (15.32) 60.69 (15.91) <0.001* 0.001 <0.001* 2/3 2/3 6/6

AFW (%) 8.18 (3.90) 9.64 (8.18) 10.32 (6.45) 0.302 0.653 0.033 0/3 0/3 1/6

T2 (ms) 35.51 (1.65) 38.65 (3.53) 54.01 (15.31) <0.001* <0.001* <0.001* 2/3 3/3 6/6

FF (%) 3.408 (1.018) 3.343 (1.083) 8.427 (10.852) 0.772 <0.001* <0.001* 2/3 1/3 1/6
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Figure 5 Quantitative maps from a 47-year-old male with muscle edema patterns observed in the left infraspinatus, and middle deltoid 
muscles. (A) Qualitative proton density axial image corresponding to slice position in yellow-dashed line of (B) coronal T2-weighted Dixon 
water image, and (C-J) quantitative maps. The mean diffusivity (MD), radial diffusivity (RD) and axial diffusivity (AD) maps (in µm2/ms) do 
not provide contrast in denervated muscles (red arrows) vs. non-denervated muscles (green arrows), but fractional anisotropy (FA), apparent 
fiber diameter (AFD) (µm) and T2-maps (ms) do. No fatty infiltration was observed in the fat fraction (FF) (%) maps. Most pixels in the 
apparent fluid weighting (AFW) (%) were mostly low (<20%). AFD histograms show higher AFD in (K) non-denervated subscapularis vs. (L) 
denervated infraspinatus, and (M) non-denervated posterior deltoid vs. (N) denervated middle deltoid. 
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Figure 6 Apparent fiber diameter (AFD) maps (in µm) from bilateral exams of two subjects. (A-D) A healthy subject (25-year-old female) 
with no muscle edema patterns, with coronal T2-weighted Dixon water images (A,B) and corresponding slice position (dashed yellow lines) 
of quantitative maps, showing high AFD in the left (C) and right (D) shoulder muscles. (E-H) An 11-year-old female imaged bilaterally 
with the clinical suspicion of Parsonage-Turner syndrome (an idiopathic neuropathy causing severe muscle weakness); coronal T2-weighted 
Dixon and corresponding slice position of quantitative maps in dashed yellow lines (E,F). Clinical exam reported deltoid weakness on the left 
(G) and right (H), and infraspinatus and supraspinatus (not shown) weakness only on the right. The weaker right deltoid and infraspinatus 
muscles (2/5 British Medical Research Council muscle grade testing) than the left (3/5) was consistent with lower AFD on the right (H) than 
the left (G). Red arrows point to denervated muscle identified on MRI, green arrows to non-denervated muscle.
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overuse due to compensation. As compared to FA, AFD was 
shown in simulations, in vivo comparisons by muscle-ROI, 
and in correlations with T2 and FF to better depict muscle 
atrophy. A negative correlation of AFD with T2 agrees with 
either increased extracellular space in denervated muscle (14) 
or protein loss (40) concomitant with muscle atrophy. 

Despite the small sample size (n=16), the measured 
AFD range of 71–119 µm in shoulder muscles of healthy 
controls in our study compared well with literature values 
from human limb muscle histology [mean 53±16 µm, range  
8–109 µm (23), and mean values between 62.4–72.2 µm (24)].  
In comparison, previous work using stimulated-echo 
diffusion preparation and longer mixing times (30–1,500 ms)  
underestimated muscle diameters [~30–40 µm in (20); ~40–
55 µm in (21)]. We speculate that the larger AFD values 
obtained in our study could be attributed to one or more 
factors: (I) using multiple b values with fixed ∆ intervals 
along with spin-echo preparation; (II) assuming constant D0 
and D// to reduce fitting dimensionality, which was not done 
previously (19); and (III) contribution from the extracellular 
endomysium due to semi-permeable membranes.

While Monte-Carlo simulations reveal correlations 

between DTI-based FA and muscle diameter and 
permeability (11), previous animal studies have not 
conclusively demonstrated FA increases secondary to muscle 
denervation (13,15,16). In comparison, results of the current 
study suggest that in vivo AFD mapping in humans may 
provide a more robust depiction of intracellular muscle 
microstructure changes compared to FA. In addition, 
deviations from linear fitting of both AFD versus T2 and FA 
versus T2 were noted in datapoints with high T2 (>80 ms),  
which suggests that diffusivity changes with T2 may be 
biphasic. Mechanisms for T2 increases in denervation include 
increased extracellular space (14), intracellular fluid increases 
(due to exercise) (41) and loss of myofibrillar proteins (42) 
leading to changes in membrane permeability. In such 
scenarios, it is conceivable that diffusion anisotropy might 
decrease and AFD might increase as suggested by previously 
reported simulations (11). Investigating permeability could be 
incorporated in future studies utilizing spin-echo-prepared 
diffusion sampling schemes with multi-∆ acquisition (43).

While this work focused on the AFD metric, AFW 
(apparent fluid weighting) could potentially be another 
biomarker of interest. Anecdotally, patterns of high AFW were 
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observed to correspond to perfusion from blood vessels, as did 
maps of fFre within this study and in another study using the 
multi-compartment model (32); however, these relationships 
were not analyzed in this work. Fluid-like, high diffusivity 
values could also be caused by bulk motion that contribute 
to second-order moments. For a b value of 750 s/mm2  

and ∆ ~20 ms, diffusion gradients would be sensitive to bulk 
motion velocity changes of ~0.4 mm/s. The chest wall and 
shoulder regions are potentially susceptible to respiratory 
motion and involuntary shoulder motion. These motion 
effects could be mitigated by respiratory-gating (44) and 
possibly by reduced scan time. 

Figure 7 Scatter plots between apparent fiber diameter (AFD), fractional anisotropy (FA), T2 and fat fraction (FF), showing (A) moderate 
correlation between AFD and FA (−0.582, P<0.001), (B) moderate correlation between FF and T2 (0.544, P<0.001) with two trends that 
diverge from the linear fit, (C) low correlation between FA and T2 (0.359, P<0.001), (D) low correlation between AFD and T2 (−0.358, 
P<0.001), (E) negligible correlation between FA and FF (0.197, P=0.016), and (F) low correlation between AFD and FF (−0.331, P<0.001). 
The FA and AFD data points with high T2>80 ms appeared to diverge from the main trends in (C,D). High FF (>20%) data points deviated 
from the trendline in the FF-FA plot (F).
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Prior experiments suggest that transverse diffusivity (i.e., 
λ2 and λ3 values) differences from the DTI model can depict 
muscle fiber ellipticity (45). In the current work, the model-
based denoising assumed no ellipticity (λ2=λ3). However, the 
susceptibility of the smallest eigenvalue (λ3) to noise and 
added model complexity, accounting for both major- and 
minor-axes’ diameters, could impede modelling ellipticity.

Limitations and future work

This preliminary work was limited by the low number of 
patient subjects (n=16, 18 exams), possible bias due to lack 
of age- and sex-matched in the healthy control cohort, and 
lack of EMG confirmation of muscle denervation in three 
of the patient subjects. Future studies would include larger 
patient cohorts and correlating quantitative AFD against 
EMG results. 

Validation of AFD was also not performed against a 
ground truth, such as histological microscopy of ex vivo 
muscle specimens. Potential issues with validation could 
include tissue dehydration and translability of non-human 
specimens to clinical imaging results. As next steps, we plan 
to validate the AFD results and methods against histology 
by performing in vivo diffusion imaging in human subjects. 

The addit ion of  non-invasive muscle diameter 
measurements  to T2 and FF metrics  can provide 
complementary information to assess muscle denervation. 
Future work can explore combined analysis of AFD with 
T2 and FF measurements. For muscle diameter values to be 
meaningful on a per-subject basis, baseline measurements 
may be necessary. Longitudinal, quantitative MRI in patients 
with muscle denervation may provide added characterization 
complementary to electrodiagnostics and cl inical 
examination. Diffusion-based muscle diameter measurements 
may also be applicable in the peripheral musculature of 
the arms and legs, as well as in other disease processes 
such as Duchenne muscular dystrophy (10) and diabetic 
polyneuropathy (46) where standard DTI has been applied.

Conclusions

Diffusion MRI-based AFD complements T2- and FF-
mapping techniques to non-invasively assess muscle 
denervation.
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Supplementary

Appendix 1 Forward model with cylindrical, restricted diffusivity muscle model

Following the signal equation of normalized diffusivity signal Si from intracellular muscle SM,i and extracellular fluid, SF,i 

from eq. [1], SM,i is defined radially as an infinite cylinder with impermeable transverse boundaries and axially with Gaussian 
diffusivity D//, where r is the cylinder radius, gradient vector  g

 , and the pulse width δ and mixing time ∆. By accounting for its 
radial gradient magnitude 2g⊥  and axial gradient magnitude 2

/ /g , the natural logarithm of SM,i can be expressed as a summation 
of radial and axial terms. The radial term is derived from Neuman(30), and includes terms for the intracellular water 
diffusivity D0 and 2

mα , which is the m-th root of the derivative of the Bessel function J such that J'1 ( 2
mrα )=0:
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[1]
While SF,i is defined as:
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Appendix 2 Multi-compartment model 

For KRes×NRes anisotropic, KHin isotropic, KFre isotropic and KNoise isotropic tissue compartments, each with fRes,j,n, fHin,k, fFre,k, fFat,k, 
compartment fractions, the sum of each tissue is defined by:

, ,1 1
Res ResK N

Res Res j nj n
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= =
=∑ ∑ 		 [3]

,1
HinK

Hin Hin kk
f f

=
=∑ 	 [4]
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f f

=
=∑ 	 [6]

Each of the anisotropic compartments has pre-defined axial/parallel and radial/orthogonal diffusivities (λ//, λ⊥), whereas 
each of the isotropic compartments has solely a mean diffusivity (λ) defined. For a maximum b-value, b and for each 
normalized gradient vector q , radial vector u  and the model’s signal estimate ( ŝ ) is defined as
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	 [7]

To adapt the method for multi-b-valued muscle diffusion, where tissue anisotropy would be less than that in the brain 
and where fewer diffusion-encoding directions would typically be used, a model with far fewer compartments and fewer 
directionalities was proposed. In multi-b-valued acquisition, b-values smaller than the maximum b-value were created by 
q-vectors with a squared magnitude less than one. The composition of the compartments and optimization parameter values 
are listed in Table 1. A wide range of assumed fractional anisotropy (0.11-1.00) was used in the restricted compartments to 
account for the wide range of FA observed in the literature. 
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Appendix 3 Precision and bias error 

Propagation of variance was used to convert units from each metric M∈ {fRes, fHin, fFre, fFat, MD, AD, RD, FA} to that of r, using 

the derivative,  ( )M r
r

∂
∂

. Precision error εM,n for a given metric and simulation n was defined as the root-mean-square of the 

metric variance  ( )2
,  M n rσ   summed across all r values:
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The bias error, βM,N, followed the same approach, except that bias was defined as the error resulting from varying one 
parameter, N, which was either SNR, ρ, D0 or D//, keeping other parameters constant. To compute bias, the metric variance, 
 ( )2

,   M N rσ  was defined as that from one of the parameters SNR, ρ, D0 or D//: 
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