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Abstract

Background: Quantitative MRI (qMRI) metrics reflect microstructural skeletal muscle changes
secondary to denervation, and may correspond to conventional electromyography (EMG)
assessments of motor unit recruitment (MUR) and denervation.

Hypothesis: Differences in quantitative T, diffusion-based apparent fiber diameter (AFD), and
fat fraction (FF) exist between EMG grades, in patients with clinically suspected neuropathy of the
brachial plexus.

Study Type: Prospective.
Population: 30 subjects (age=37.5+17.5, 21M/9F) with suspected brachial plexopathy.

Field Strength/Sequence: 3-Tesla; gMRI using fast spin echo (T,-mapping), multi-b-valued
diffusion-weighted echo planar imaging (for AFD) and dual-echo Dixon gradient echo (FF-
mapping) sequences.

Assessment: gMRI values were compared against EMG grades (MUR and denervation). qMRI
values (T,, AFD and FF) were obtained for five regional shoulder muscles. A four-point scale was
used for MUR/denervation severity.

Statistical tests: Linear mixed models and least-squares pairwise comparisons were used
to evaluate qMRI differences between EMG grades. Predictive accuracy of EMG grades from
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gMRI was quantified by ten-fold cross-validated logistic models. A p-value<0.05 was considered
statistically significant.

Results: Mean (95% confidence interval) gMRI for “full” MUR were T,=39.40 msec (35.72—
43.08 msec), AFD=78.35um (72.52-84.19 um) and FF=4.54% (2.11-6.97%). Significant T,
increases (+8.36 to +14.67 msec) and significant AFD decreases (-11.04 to —21.58 um) were
observed with all abnormal MUR grades as compared to ‘full” MUR. Significant changes in both
T, and AFD were observed with increased denervation (+9.59 to +15.04 msec, —16.25 to —18.66
pum). There were significant differences in FF between some MUR grades (—1.45 to +2.96%),
but no significant changes were observed with denervation (p=0.089-0.662). gMRI prediction of
abnormal MUR or denervation was strong (mean accuracy= 0.841 and 0.810 respectively), but
moderate at predicting individual grades (accuracy= 0.492 and 0.508 respectively).

Data Conclusion: Quantitative T, and AFD differences were observed between EMG grades in
assessing muscle denervation.

Level of Evidence: 2

Technology Efficacy: Stage 1
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INTRODUCTION

Peripheral nerve axonal injury results in muscle denervation(1). The ‘reference standard’
for assessing muscle denervation is needle electromyography (EMG)(2, 3), whereby the
presence of fibrillation potentials (FPs) and/or positive sharp waves (PSWs) indicates active
denervation(2). Denervation often results in reduced motor unit recruitment (MUR), also
measured by EMG(2). Drawbacks of needle EMG are well-known, including its inherent
invasiveness, limitations in probing deep-seated muscles, need to test muscles individually,
and high operator-dependence(4). Furthermore, the onset of FPs can be variable (10 days to
4 weeks)(5), limiting EMG’s use in the acute setting.

Brachial plexopathy, either traumatic or atraumatic (including inflammatory conditions) may
result in sensorimotor disturbances and varying levels of impairment, depending on the
severity of injury and segments involved(6)(7). Precise localization and assessment of injury
extent may be complex(8), and a multidisciplinary approach comprising a physical exam,
electrodiagnostic assessment (including EMG) (2), and imaging (MRI(7) and/or ultrasound)
is routinely employed. MR neurography (MRN), or peripheral nerve MRI, provides a
diagnostic adjunct to EMG to evaluate peripheral neuropathies(9). In MRN, T,-weighted
(Tow), fat-suppressed sequences can simultaneously evaluate nerves and muscles(10). Of
high relevance to MRI evaluation of brachial plexopathy are side- and terminal branch
nerves arising from the plexus proper (roots to cords), including the suprascapular and
axillary nerves innervating the rotator cuff muscles and thereby controlling to shoulder
abduction and external rotation movements needed for daily activities.
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Quantitative MRI can provide non-invasive information complementary to MRN, about

the extent of muscle denervation in these critical muscles. In the denervated state, muscle
To-prolongation results in part from increased extracellular fluid space(11), and manifests
qualitatively as signal hyperintensity on Tow images (‘edema pattern’)(12). MRI may be
sensitive to early muscle denervation; following sciatic nerve transection in rats, T, value
changes in muscle have been detected as early as 24 hours(13), and similar Tow muscle
signal changes have also been observed as early as 4 days following peripheral nerve injury
in humans(14). In a preliminary study of subjects with muscle denervation, quantitative
To-mapping provided superior ability to distinguish ‘none’ versus ‘decreased’ or ‘discrete’
MUR grades(15) as compared to qualitative T,w imaging, using adjacent normal muscle To
as a reference. To detect muscle fatty infiltration observed in chronic neuropathies(14), low
signal on fat-suppressed images may be utilized; quantitatively, elevated fat fraction (FF) in
fat-water imaging more commonly-used in imaging of myopathies(16) may also apply to
imaging chronic muscle denervation. Denervation also results in muscle atrophy(17), which
may be depicted by diffusion tensor imaging (DTI)(18), as diffusion anisotropy increases
with reduced muscle fiber diameter(19). Hence, multiparametric quantitative MRI (QMRI)
may provide comprehensive muscle characterization. In EMG-tested denervated muscles
with edema patterns on MR, elevated T, and FF and decreased diffusion-based fiber
diameters have been measured, as compared to muscles without edema patterns(20).

We hypothesized that T, muscle diameter, and FF differences would be observed between
severity grades of denervation and MUR, and that there may be correlations between them.
Therefore, the aim of this study was to determine if gMRI metrics could differentiate and
predict EMG grades of denervation and MUR in patients with brachial plexopathies.

MATERIALS AND METHODS
Study Subjects

This prospective study was approved by our institutional review board with written subject
consent and assent from all subjects was obtained.

A total of 38 subjects undergoing MRN for suspected brachial plexopathy, and who were
also either scheduled to undergo electrodiagnostic testing including needle EMG or had

a prior needle EMG report confirming the presence of muscle denervation were recruited
consecutively between December 17, 2019 and March 19, 2021. The final number of
subjects analyzed was n=30 (age=37.5+17.5, 21M/9F), and were scanned for various
clinically suspected entities (Table 1). Parsonage-Turner syndrome accounted for most cases
(17/30). Seven subjects were excluded due to the EMG performed outside of 50 days from
the MRI, and one subject was ultimately not diagnosed with a peripheral neuropathy (Fig.
1).

Image Acquisition

A 10-minute, non-contrast-enhanced gMRI exam was added to routine unilateral brachial
plexus MRI performed on one of two 3T MRI scanners with two 16-channel flexible
receiver arrays (General Electric, Waukesha, WI, USA) positioned anterior and posterior to
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the upper-chest-to-shoulder region. In addition to routine, fluid-sensitive (i.e. To-weighted)
fat suppressed and proton-density weighted qualitative sequences(21) not analyzed in this
work, gMRI scans including To-mapping (fast spin echo), multi-b-valued DTI (echo planar
imaging) and fat fraction (FF)-mapping (dual-echo Dixon gradient echo) sequences (Table
2) were acquired. A recently developed apparent fiber diameter (AFD) metric described in
detail in (20) using a cylindrical forward model(22) to depict the muscle fiber cross-section,
was derived by mapping multi-b-valued DTI data to diameter values obtained using the
forward model. As compared to radial diffusivity and fractional anisotropy, AFD relates
directly to muscle fiber diameter, which readily lends itself for comparison to histology. To
preclude the need for a normal muscle reference, correction of effects leading to spatially
non-uniform maps was performed; namely, B1+ correction was performed in a mono-
exponential To-value computation(23) using B1+ maps(24). Gradient nonlinearity correction
in diffusion imaging was also performed to eliminate effects from spatial non-uniformity
inherent to the gradient coil system(25). Echo planar imaging (EPI) distortion correction was
performed on the scanner using vendor-provided software(26). FF calculations included
estimated T, values of fat and muscle (without T1-mapping)(27), primarily to reduce
effects from T4-bias, since high FF was not expected to characterize this patient cohort.
Post-processing of multi-contrast data was performed on custom-written code in MATLAB
(Mathworks Inc, Natick, MA, USA) to obtain T,, AFD and FF maps, which were then
converted to NIFTI volumetric format using DCM2NI1X(28). NIFTI data was registered
using non-rigid image registration with Elastix(29), prior to manual segmentation on
ITKSnap v3.8(30).

Observers and Image Evaluation

Regions of interests (ROIs) from five muscles (supraspinatus, infraspinatus, and deltoid
anterior/middle/posterior heads) were manually segmented on three axial slices on the
gradient echo image volume at the middle, upper and lower quadrant extent of each muscle.
Segmentation was performed by two second-year medical student evaluators (KCS and
PB), trained by a board-certified radiologist (DBS, 7 years of dedicated MR neurography
experience). The supraspinatus muscle from 14 randomly selected slices were re-segmented
by both evaluators after a one-month interval to determine the intra-rater Sgrensen-Dice
coefficient. EMG measures included 1) MUR (from maximal to least: “full’, ‘decreased,
‘discrete’ and ‘none”) and 2) abnormal spontaneous activity indicating denervation severity
(FPs and PSWs) (of increasing abnormality: ‘07, ‘1+7, “2+’, ‘3+’, “4+”), according to
standard practice (31). Generally, ‘full’ MUR occurred when there was complete motor
unit activation and the EMG screen was entirely filled. ‘Decreased” MUR occurred when
the entire EMG screen was not filled, but greater than 3 motor units were identified.
‘Discrete” MUR showed a maximum of 1-3 motor units firing during maximum effort. For
denervation, ‘0’ was the absence of FPs or PSWs, ‘1+” was persistent/unsustained single
trains in at least 1 muscle region, ‘2+’ was moderate numbers in 2 or more muscle areas,
3+’ was many trains in all muscle regions, ‘4+’ was an obliteration of the baseline with
PSWs and FPs in all areas of muscle examined. EMG reports from nine different operators
(average 21.6 years, range 6-35 years’ experience, including CIM) were reviewed. As some
EMG reports listed abnormal spontaneous activity as either FPs or PSWs and others listed
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both, only the more severe of the two measurements was considered for analysis, as both
measures are considered to reflect denervation(32).

Statistical Analysis

Linear mixed models were utilized to assess differences in MRI metrics (T,, AFD, or FF)
across EMG grades (MUR, or FP/PSW), accounting for multiple muscle ROI measurements
per subject. Marginal means and confidence intervals for MRI measures across EMG grades
were reported. Least-squares pairwise comparisons for MRI measures across EMG grades
used Benjamini-Hochberg correction(33) to reduce the false discovery rate, with p<0.05
deemed statistically significant. To determine correlation between continuous (MRI) and
ordinal (EMG) variables, Kendall’s T was applied between each MRI metric and EMG
grade (0 to £0.19: negligible, £0.2 to £0.39: weak, +0.4 to £0.59: moderate, +0.6 to +0.79:
strong, +0.8 to £1.0: near perfect). To determine the predictive value of MRI measures for
EMG grades, multivariable logistic models were used to separately assess both binary and
four-point-scale predictions of abnormal MUR and denervation (no ‘4+’ were observed),
with 10-fold repeated cross-fold validation and up-sampling. Overall accuracy was reported
with 95% confidence intervals.

Inter-rater Sgrensen-Dice coefficients were computed to determine the extent of ROI overlap
between both segmentation evaluators. In addition, inter-rater segmentation repeatability
was determined by performing paired t-tests between MRI measures from both evaluators.
Analysis was performed using R version 4.0.3 (R Foundation).

RESULTS

Of the 150 possible muscle ROIs from n=30 subjects with neuropathy, 127 ROIs were drawn
as some muscles were either not tested by EMG (n=22) or inadvertently excluded from

the field-of-view on the gMRI scans (n=1). Of these 127 muscle ROIs, 89 were abnormal
and 38 were normal with normalcy defined by either ‘decreased’ or worse MUR or “1+’ or
greater denervation. Most subjects (n=28) had =1 abnormal muscle ROIs (Fig. 2); the other
two subjects were diagnosed with muscle denervation, but EMG was not performed on the
denervated muscles. Neuropathies involved either the suprascapular nerve (innervating the
supraspinatus and infraspinatus muscles) (Fig. 3), the axillary nerve (deltoid muscle) (Fig. 4)
or both.

MUR Severity Grades

T, was observed to increase monotonically with lower MUR (Fig. 5a, Table 3). Almost all
paired comparisons showed significantly higher T, with lower MUR (Table 4). As compared
to “full’ MUR (mean-T,=39.40 msec), mean-T, was significantly higher in ‘decreased’
(47.77 msec), “discrete’ (53.39 msec) and ‘none’ (54.07 msec). Significantly higher mean-
T, was also observed in ‘discrete’ (by +5.62 msec) and ‘none’ (by +6.30 msec) relative to
‘decreased’. Mean-T, of ‘none’ and “discrete’ were not significantly different (p=0.7185).

AFD was observed to decrease monotonically with lower MUR, with most paired
comparisons showing statistically significantly lower AFD with lower MUR. Compared
to “full’ (78.35 um), mean-AFD was significantly lower in ‘decreased’ (67.30 um), ‘discrete
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(59.44 um), and ‘none’ (56.77um). ‘None’ MUR had significantly lower mean-AFD than
‘decreased’ (by —10.53 um). Comparisons of ‘discrete’ vs ‘decreased’ and ‘none’ vs
‘discrete’ were not statistically significant (p=0.0990 and 0.4392, respectively).

FF was mostly increased with lower MUR. Mean-FF was significantly higher in “‘discrete’
(7.46%) and ‘none’ (6.00%) as compared to “full’ (4.54%). Mean-FF was also significantly
higher in “discrete’ than ‘decreased’ (by 2.56%). However, mean-FF was significantly lower
in ‘none’ than “discrete’ (—1.45%). Comparisons of ‘decreased’ vs. ‘none’” and ‘full’ were
not statistically significant (p=0.216 and 0.608, respectively).

T, values demonstrated an increasing trend with denervation severity (i.e. FP/PSW) (Fig. 5b,
Table 3). Significantly higher mean-T, was observed in all denervated states (by +9.59 to
+15.05 msec) as compared to ‘0’ (40.69 msec). Mean-T, was significantly higher in ‘3+’
than ‘2+’ (by +5.44 msec). AFD decreased with denervation. Significantly lower mean-AFD
was observed in ‘2+’ (58.93um) and 3+’ (56.52 um) than in ‘0’ (75.18 um). AFD in ‘3+’
was significantly lower than that in ‘1+* (by —13.85 pm). No significant differences in fat
fraction were observed among different muscle denervation grades (0=0.089 to 0.662).

Correlations and Prediction of EMG from gMRI

All correlation analyses were statistically significant; correlation was moderate between T,
and MUR (t=0.549) and between T, and denervation, (t=0.438). Correlation was moderate
between AFD and MUR (==-0.441), but weak between AFD and MUR (==-0.203).
Correlation was weak between FF and MUR (==0.296), and negligible between FF and
denervation (t=0.120).

gMRI measures were strongly predictive in binary prediction of abnormal MUR
(‘decreased’, “discrete’, “‘none”) vs normal (“full”) muscles (accuracy=0.841) (Table 5).
Prediction for individual MUR grades was moderate (accuracy=0.492). The results for
denervation (abnormal FP/PSW) were similar, with strong binary prediction (*1+’ and above
vs “0” with accuracy=0.810), and moderate prediction for individual denervation grades
(accuracy= 0.508).

Inter-rater Segmentation Repeatability

The inter-rater mean Sgrensen-Dice coefficient across all ROIs was 0.828 (standard
deviation: 0.119), and resulting differences in quantitative parameters were small (mean
Tp: =0.420 ms, p=0.0997, AFD: +0.223 pm, p=0.632, FF: +0.159%, p=0.431), and not
statistically significantly different. The intra-rater Sgrensen-Dice score of 0.844 (standard
deviation: 0.120) was similar to the inter-rater Sgrensen-Dice score.

DISCUSSION

Changes in gMRI metrics were observed between EMG grades of MUR and denervation in
denervated muscles innervated by the brachial plexus. Specifically, T, increases and AFD
decreases were observed to correlate with lower MUR, with most comparisons between
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grades shown to be significant. While the current T, results parallel previous findings(15),
AFD and FF may provide additional characterization of atrophy and fat infiltration. Also,
the bias corrections for T, and diffusion used here obviated the need for a normal muscle
reference that may be unavailable for analysis.

gMRI metrics provide objective information regarding muscle denervation status that

is complementary to electrodiagnostic and MRN exams in the evaluation of brachial
plexopathy. In our current practice, electrodiagnostic exams often precede MRN, to inform
on the relevant imaged anatomy. As the qMRI protocol employed in this study requires a
total of 10 minutes, and can be readily appended to an MRN exam, knowledge of MRN
and gMRI results preceding an electrodiagnostic exam may alternatively inform on muscles
required for testing with needle EMG.

While fatty infiltration is thought to occur chronically (>6 months), the extent of fatty
infiltration may vary depending on the etiology of the neuropathy(34, 35). This study

did not include sufficient subjects to study chronically denervated muscles, as only 8/30
subjects were studied >6 months from symptom onset, and most denervated muscles had
low FF (<10%). Furthermore, an overlap in FF distribution between chronic (2.7-40%) and
non-chronic cases (0.8-13%) was observed. Consequently, we observed mixed trends of
increased FF with lower MUR at small effect sizes, and no significant FF changes with
denervation. Specifically, the ‘1+’ denervation FF values were biased high because 4/14
muscle ROIs came from one subject with chronic muscle denervation.

This study demonstrated that MRI provided strong predictive ability based on a binary
classification of both MUR and denervation, and moderate overall prediction on a four-point
grading scheme. However, this study was not powered for prediction, and results may be
improved with a larger homogenous patient cohort, and with the addition of qualitative or
quantitative nerve evaluation. These predictions mirror the paired comparison results, where
large significant differences in T, and AFD values were seen for “full’ vs all abnormal MUR
grades, but less so between individual abnormal MUR grades. Importantly, pre-operative
tests (EMG or gMRI) separating intermediate MUR grades of ‘decreased’ from “discrete’
may have prognostic value in predicting success of nerve transfer surgeries (36). In this
study, we found a significant difference in T, between these MUR grades. As such, gMRI
may provide valuable information as an operator-independent and non-invasive means for
qualifying muscle denervation, complementary to conventional, qualitative MRI and EMG.

T, and AFD differences, while significant, did not correlate as strongly with denervation
grades. Aside from variability due to gMRI, variability in operator experience, location

of needle placement from nine EMG operators, heterogeneity in disease type, onset and
severity may also have contributed to variability in these findings. Specifically, subjects
with denervated muscle may have neither abnormal fibrillations nor PSWs despite severely
reduced MUR and high T, due to chronicity (>6 months). This study did not attempt to
exclude such measurements from analysis (11 muscle ROISs), to ensure generalizability of
results to patients who may present to MRI without a specific disease type or with uncertain
time course.
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Correlations between T, AFD and FF have previously been reported(20, 37). To analyze
the effects from fat on T, a linear signal (S) equation could be used in the form of

s = FFe TE/TM 4 (1 - Fr)e TE/T2F, where T, of fat/muscle may respectively be assumed to
be T>r=130 msec and To\y=35 msec at 3-Tesla. At an average TE=40 msec in this work,

a 3% increase in fat fraction would result in a ~1.3 msec increase in T,. This implies

that any fat fraction increase observed between EMG grades, maximally ~3% in this work,
contributes negligibly to the increase in T. Increased fat correlates with increased diffusion
fractional anisotropy(37), which in turn can negatively bias AFD. Nevertheless, this study
analyzed qMRI metrics independently. To strengthen conclusions from this study, the
Benjamini-Hochberg correction(33) was adopted over other multiple-comparison methods
to reduce discovery of false negatives as well as false positives.

Future Work

This study cohort included eight subjects from the first time-point of an on-going
longitudinal study on Parsonage Turner syndrome (PTS). Future work would include
longitudinal analysis of this PTS cohort and expand analysis to other muscles involved.
While the recently developed AFD metric shows promise for evaluating muscle denervation
and provides superior sensitivity relative to conventional diffusion measures(20), it has yet
to be validated with histology. Future work would include validation of AFD against ex vivo
microscopic diameter assessment of muscle biopsy samples.

Limitations

This study did not include a homogeneous disease cohort or baseline (at time of symptom
onset) scans, which could help confirm if muscle T, increases and AFD decreases were due
solely to neuropathy. This study did not utilize a common normal muscle reference, which
could be helpful if spatial correction methods were unavailable. For the shoulder region, the
subscapularis muscle could be chosen as a reference, but EMG is not typically performed on
this deep-seated muscle. Data of provider-reported muscle strength of shoulder abduction
and external rotation were available, but correlations against MRI were not analyzed

as muscle strength testing is often unable to isolate individual muscles (e.g. deltoid vs.
supraspinatus) and in particular individual deltoid muscle heads.

Baseline imaging could also be useful to account for inter-subject variation in qMRI,
especially AFD, since population variation of muscle fiber diameter is well reported(17).
Serial imaging data was not included, which could facilitate analysis of longitudinal changes
of MRI with EMG to depict either disease progression or recovery. This findings of this
study, in particular for predicting EMG with MRI, were also limited by the relatively small
sample size (n=30).

Conclusion

Quantitative T, and AFD changes may complement EMG as an operator-independent and
non-invasive means for assessing muscle denervation.
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Figure 1.

Flow diagram for subject and muscle ROl inclusion for analysis.
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Histogram of Affected Nerves

Supra Axillary Both
Affected Nerves

Histograms of subjects by (a) number of abnormal muscle ROIs (reduced MUR or presence
of denervation potentials on EMG), and (b) involvement of either or both the suprascapular

and axillary nerves.
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Figure 3.
22 year-old male subject with left shoulder abduction and external rotation weakness,

diagnosed with Parsonage-Turner syndrome. MRI three months post symptom onset shows
(a) three severe constrictions (solid arrows) of the suprascapular nerve on the post-contrast,
coronal 3D FSE maximum intensity projection. Edema patterns of the supraspinatus/
infraspinatus muscles are seen on the (b) oblique-sagittal FSE image (note normal deltoid).
Quantitative, axial T, maps (overlaid on magnitude Tow) show (c) higher T, in infraspinatus
(MUR: ‘none’, fibrillations: ‘3+) adjacent to lower T, non-denervated teres minor (not
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assessed by EMG), (d) higher T, in supraspinatus (MUR: “discrete’, FP: ‘2+’), and (e) lower
T, in anterior deltoid (MUR: “full’, FP/PSW: “0’). Apparent fiber diameter (AFD) maps
(overlaid on trace diffusion magnitude) corresponding to axial locations show (f) lower AFD
in infraspinatus, higher AFD in teres minor, (g) lower AFD in supraspinatus, and (h) higher
AFD in the deltoid.
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=1 44 year-old male with neuropathy of the left axillary neuropathy following Bankart repair.
o MRI six months post surgery shows (a) segmental thickening and irregular morphology
=z of the axillary nerve (red bracket) as it courses inferior to the subscapularis muscle
% on the coronal 3D inversion-recovery FSE image (curved multiplanar reformat), and (b)
5 denervated deltoid muscle (arrow) on the coronal 2D Dixon-water FSE image. Quantitative
= axial To-maps (in msec) show mildly increased T, in (c) anterior (MUR: ‘none’, FP/PSW:
E 2+"), (d) middle (MUR: “discrete’, FP/PSW: 2+”) and (e) posterior deltoid heads (MUR:
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‘discrete’, FP/PSW: ‘2+”) in part due to mild fatty infiltration, relative to (f) lower T,

on normal supraspinatus (MUR: “full’, FP/PSW: ‘0°). Corresponding axial apparent fiber
diameter (AFD) maps (in um) show (g-i) lower AFD in the deltoid, and (j) higher AFD in
supraspinatus. Fat fraction (k-n) was low in all muscles (in %).
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Figure 5.

Box-plots and marginal mean estimates (blue) of MRI measures (T, apparent fiber
diameter, and fat fraction) with respect to EMG grades of (a) MUR and (b) FP/PSW.
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Summary of demographics and indications for patients with both EMG and brachial plexus MRI

Table 1.

Demographics

Male/Female 21/9
Age, (mean/SD) 375/175
Left/Right 15/15
Days between EMG and MRI (mean/median) 11.2/6.5
Days from symptom onset to EMG (mean/median) 290/87
Days from symptom onset to MRI (mean/median) 301/90
Indications
Indication Number of Subjects
PTS 17
Traumatic brachial plexopathy 6
Atraumatic brachial plexopathy of unknown cause 4
latrogenic injury (previous shoulder surgery) 1
Post-radiation brachial plexopathy 1
ALS 1
Muscle ROls
Muscle ROI Abnormal | Normal | Not Assessed by EMG
Supraspinatus 17 3 9
Infraspinatus 22 2 6
Anterior Deltoid 17 10 3
Middle Deltoid 18 12 0
Posterior Deltoid 15 11 4
Total 89 38 22

EMG: Electromyography, PTS: Parsonage Turner syndrome, ALS: amyotrophic lateral sclerosis, ROI: region of interest, SD: standard deviation
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Imaging parameters of quantitative MRI protocol.

Table 2.

Page 19

Sequence T,-mapping 2D T,w-FSE | 2D Multi-shell DTI-EPI | 3D, 2-echo Dixon GRE | 2D B;+ mapping
Scan time (min:sec) 4:12 4:56 0:48 0:44
Orientation Axial Axial Axial Axial
Field-of-view (FOV) (cm) 27.0 27.0 34.0 27.0
TRI/TE (ms) 2400/10-80 3300/56 4.2/1.2,25 11/7
Matrix size (frequency x phase) 192 x 128 90 x 90 256 x 256 64 x 64
Phase FOV factor 1.50 - - -
Slice thickness (mm), Spacing 4.0,1.0 3.0, - 1.8, - 5.0, -
Slices 26 35 96 26
Bandwidth (kHz) +15.6 +250.0 +142.9 +15.6
Echo train length 8 51 2 -
Parallel imaging factor (phase) 2 15 15 -
GRE Flip Angle (°) - - 10 10
0[2]
b-values (s/mm?) [# directions] - %g Eg} - -
[Total=40]
Fat suppression method None Spectral-spatial pulse Dixon None

FSE: fast/turbo spin echo, DTI: diffusion tensor imaging, GRE: gradient recalled echo, TR: repetition time, TE: echo time
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Marginal mean estimates (and 95% confidence intervals) for T,, AFD, and FF across MUR and FP/PSW
grades. The number of muscles included is given for each grade.

| T, (msec)

AFD (um)

FF (%)

MUR

Full (n=41)

39.40 (35.72, 43.08)

78.35 (72.52, 84.19)

454 (2.11, 6.97)

Reduced (n=18)

47.77 (43.09, 52.45)

67.30 (59.49, 75.12)

4.90 (2.30, 7.50)

Discrete (n=27)

53.39 (49.31, 57.46)

50.44 (52.79, 66.08)

7.46 (4.97, 9.95)

None (n=41)

54.07 (50.29, 57.86)

56.77 (50.80, 62.75)

6.00 (3.56, 8.45)

FP/PSW

0 (n=49)

40.69 (36.90, 44.48)

75.18 (68.92, 81.44)

4.94 (2.44,7.44)

1+ (n=14)

53.23 (47.55, 58.91)

70.38 (60.66, 80.09)

6.18 (3.31, 9.06)

2+ (n=31)

50.29 (46.13, 54.45)

58.93 (51.93, 65.93)

5.56 (3.00, 8.12)

3+ (n=34)

55.74 (51.42, 60.05)

56.52 (49.30, 63.74)

6.61 (4.02, 9.20)

4+ (n=0)

AFD: apparent fiber diameter, FF: fat fraction, EMG: electromyography, MUR: motor unit recruitment, FP/PSW: fibrillation potentials/positive

sharp waves
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Table 4:

Page 21

Linear least-squares pairwise comparisons for To, AFD, and FF across MUR and FP/PSW grades. Positive
values indicate the first group had a larger average than the second group. P-values used a Benjamin-Hochberg

correction for multiple comparison, whereby p<0.05 was considered statistically significant.

Comparison Difference 95% ClI p-value
T2 (msec)
Decreased - Full +8.36 +4.05, +12.68 0.0005 "
Discrete - Full +13.98 | +10.10, +17.87 | <q goo1 ***
None - Full +14.67 | +11.12,+18.22 | < goo1 ***
Discrete - Decreased +5.62 +0.75, +10.49 0.0305 ™
None - Decreased +6.30 +1.40, +11.21 0.0197%
None - Discrete +0.68 -3.03, +4.40 0.7185
AFD (um)
Decreased - Full -11.04 -18.92,-3.18 0.0136*
Discrete - Full -1891 | -26.01,-11.82 | < goo1 ***
MUR None - Full -2158 | -28.01,-15.15 | <qggo1 ***
Discrete - Decreased -7.86 -16.68, +0.94 0.0990
None - Decreased -10.53 -19.29, -1.77 0.0301™
None - Discrete -2.66 -9.39, +4.06 0.4392
FF (%)
Decreased - Full +0.036 -1.01, +1.74 0.6080
Discrete - Full +2.92 +1.70, +4.15, 0.0001 "
None - Full +1.46 +0.34, +2.60 0.0238%*
Discrete - Decreased +2.56 +1.00, +4.13 0.0054
None - Decreased +1.10 -0.50, +2.71 0.2160
None - Discrete -1.45 -2.62,-0.29 0.0238™
T2 (msec)
A+ -0 +12.54 +7.06, +18.02 | <0001 ™"
2+ -0 +9.59 +6.06, +13.13 | <0.0001 ™"
B+ -0 +1504 | +11.11, +18.99 | < ggo1 ***
Eppsw | 2+ -1+ -2.94 -8.82,+2.93 0.3912
3+ -1+ +2.50 -3.20, +8.20 0.3912
3+ -2+ +5.44 +1.12, +9.77 0.0226
AFD (um)
1+ -0’ -4.80 | -14.54, +4.93 0.4023
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Comparison Difference 95% ClI p-value

24 =0’ -16.25 —22.75,-9.75 | <0.0001 "
3+ -0’ -18.66 -25.80, -11.53 | <g.0o01 ***
2+ — ‘14 -11.44 -21.88,-1.01 0.0503
3+ 1+ -13.85 -23.78, -3.94 0.0142 *
34— 24 -2.41 -10.26, +5.44 0.5479
FF (%)
1+ -0’ +1.23 -0.64, +3.11 0.3969
2+ -0’ +0.61 -0.55, +1.78 0.4564
B+ -0’ +1.67 +0.35, +2.99 0.0891
2+ =14 -0.622 -2.64, +1.39 0.6551
314 +0.43 -1.50, +2.36 0.6623
B+ — 247 +1.05 -0.40, +2.51 0.3969

*

<0.05
Hk
<0.005
HAA
<0.0001

Page 22

AFD: apparent fiber diameter, FF: fat fraction, EMG: electromyography, MUR: motor unit recruitment, FP/PSW: fibrillation potentials/positive

sharp waves
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Overall accuracy (95% CI) of qMRI measures to predict EMG grades.

Table 5:

Measure type

Overall Accuracy (95% CI)

MUR Binary (‘Full’ vs all others) 0.841 (0.766, 0.900)
All grades 0.492 (0.402, 0.583)
FP/PSW | Binary (0’ vs all others) 0.810 (0.730, 0.874)

All grades

0.508 (0.417, 0.598)
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