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Aim: To assess the prognostic capabilities of various diagnostic modalities for child-
hood brachial plexus injuries (BPIs) and brachial plexus birth injury (BPBI) and
postneonatal BPI.

Method: In this single-center retrospective cross-sectional study, we examined chil-
dren with BPIs diagnosed or confirmed by electrodiagnostic studies between 2013
and 2020, and compared the prognostic value of various components of the elec-
trophysiologic findings, magnetic resonance imaging (MRI) data, and the Active
Movement Scale (AMS). We developed scoring systems for electrodiagnostic studies
and MRI findings, including various components of nerve conduction studies and
electromyography (EMG) for electrodiagnostic studies.

Results: We identified 21 children (10 females and 11 males) aged 8 days to 21 years
(mean 8y 6.95mo) who had a total of 30 electrodiagnostic studies, 14 brachial plexus
MRI studies, and 10 surgical procedures. Among the diagnostic modalities as-
sessed, brachial plexus MRI scores, EMG denervation scores, and mean total EMG
scores were the most valuable in predicting surgical versus non-surgical outcomes.
Correspondingly, a combined MRI/mean total EMG score provided prognostic value.
Interpretation: Brachial plexus MRI scores and specific electrodiagnostic scores
provide the most accurate prognostic information for children with BPI. Our grad-
ing scales can assist a multidisciplinary team in quantifying results of these studies

and determining prognosis in this setting.

Childhood brachial plexus injury (BPI) can be subdivided into
brachial plexus birth injury (BPBI) and postneonatal BPL;"* the
latter may occur in multitrauma settings® and in the presence
of infection and inflammation. Prognostication for traumatic
childhood BPI has been a longstanding dilemma, particularly
with regard to determining the need for surgical interventions.
Minimalist approaches to prognostic determinations have

been proposed, such as evaluation of voluntary biceps move-
ment 3 months post-injury* and assessment of hand-to-mouth
movement at 6 months.” There has been a longstanding contro-
versy regarding the prognostic value of electrodiagnostic stud-
ies, which include nerve conduction studies (NCS) and needle
electromyography (EMG), in this context.’® Concerns regard-
ing the prognostic value of electrodiagnostic studies arise from

This original article is commented on by Bahm on pages 1186-1187 of this issue.

Abbreviations: AMS, Active Movement Scale; BPBI, Brachial plexus birth injury; BPI, Brachial plexus injury; NCS, Nerve conduction studies; PPV, Positive predictive value;

PSW, Positive sharp wave.
TCurrent affiliation: Confluence Health, Wenatchee, Washington, USA.

This is an open access article under the terms of the Creative Commons Attribution-NonCommercial-NoDerivs License, which permits use and distribution in any medium,
provided the original work is properly cited, the use is non-commercial and no modifications or adaptations are made.
© 2022 The Authors. Developmental Medicine & Child Neurology published by John Wiley & Sons Ltd on behalf of Mac Keith Press.

1254 wileyonlinelibrary.com/journal/dmen

Dev Med Child Neurol. 2022;64:1254-1261.


www.wileyonlinelibrary.com/journal/dmcn
mailto:﻿
https://orcid.org/0000-0002-4270-7325
http://creativecommons.org/licenses/by-nc-nd/4.0/
mailto:pkang@umn.edu

CLINICAL, ELECTROPHYSIOLOGICAL, AND IMAGING FINDINGS IN CHILDHOOD BRACHIAL

PLEXUS INJURY

1255

factors such as luxury innervation (polyneuronal innervation
of muscle fibers) in newborn infants, needle recording areas,
and distinct features of infant neuromuscular physiology.’
Numerous studies indicate that electrodiagnostic studies are
accurate prognostic tools for BPI in childhood, but a few stud-
ies suggest otherwise.® It has been proposed that a combination
of clinical examination, electrodiagnostic studies, and neuro-
imaging would be ideal as the strengths of each assessment
would compensate for the others' weaknesses.® There are no
studies comparing all three of these tools in the literature, and
only one that directly compares electrodiagnostic studies with
magnetic resonance imaging (MRI) in the context of BPL"

To clarify these matters further, we conducted a single-
center, retrospective cross-sectional study that compared
various components of electrodiagnostic data, neuroimag-
ing data, and clinical outcomes.

METHOD
Patient ascertainment

This retrospective study was conducted in accordance
with an institutional review board approved protocol
(IRB201901890) with a waiver of consent at University of
Florida Health, a tertiary care referral center in north central
Florida. The ascertainment period was 1st November 2013 to
29th April 2020; all participants were ascertained from the
pediatric electrodiagnostic laboratory at that facility during
this period, but data collected before 1st November 2013 was
included if relevant. Inclusion criteria were individuals with
a diagnosis of BPI, including BPBI and postneonatal BPI,
who had one or more electrodiagnostic study during that pe-
riod. The electrodiagnostic studies were performed by three
of the authors (JTS, CDZ, PBK), all of whom are fellowship-
trained pediatric electromyographers. We collected clinical,
radiographic, and electrodiagnostic data, including NCS
and EMG results. For uniformity and ease of generating ag-
gregate scores, all scoring systems described below were de-
signed so that higher numbers denoted milder findings and
lower numbers denoted more severe findings. As there is no
universally accepted approach to prognostication, the clini-
cal determination of the need for surgery in the participants
was used as the final outcome, to distinguish severe from
mild cases. We recognize that the array of considerations that
contribute to surgical decisions in participants with complex
BPI introduces potential confounding variables for the use
of surgical decisions as the outcome; however, this approach
enables us to include a broader range of participants in our
study, including those without intraoperative data.

Active Movement Scale and clinical outcomes
The Active Movement Scale (AMS) is an eight-point ordi-

nal scale developed to quantify upper extremity strength in
the setting of BPI that includes observations of spontaneous

What this paper adds

o A new scoring system to quantify results of elec-
trodiagnostic and magnetic resonance imaging
(MRI) studies is presented.

o Severity of denervation has good prognostic value
for childhood brachial plexus injuries (BPIs).

o Composite electromyography scores have good
prognostic value for childhood BPIs.

o Brachial plexus MRI has good prognostic value
for childhood BPIs.

and active movement without and against gravity.'>'? A
score of 4 or lower indicates movement only with gravity
eliminated, indicating a poorer prognosis. A score of 5 or
higher indicates active movement against gravity and a
better prognosis. We collected AMS data retrospectively.
Longitudinal average AMS scores were plotted for each
participant for upper (C5-C6), middle (C7), and lower (C8-
T1) trunk distributions. Average AMS scores were plotted
separately for the two surgical participants with longitudi-
nal data (1 and 19). Clinical outcomes, particularly surgi-
cal procedures related to the BPIs, were also derived from
the medical record. A peripheral nerve surgeon with long-
standing expertise in treating BPIs (HC) reviewed AMS and
other clinical outcome data for all participants.

MRI scoring

The MRI studies were performed from 2005 to 2019. A neu-
roradiologist (MSA) reviewed and scored all available MRI
of the brachial plexus in the cohort. The imaging findings
were scored as follows for the C5 through C8 root levels:
5 = normal; 4 = mildly increased T2 signal, with or with-
out thickening; 3 = increased T2 signal with thickening;
2 = thinning and atrophy; 1 = pseudomeningocele; 0 = avul-
sion. MRI severity scores were assigned and plotted, with
stratification based on distribution among nerve roots C5,
C6, C7, C8 over time. The T1 nerve roots were small and dif-
ficult to evaluate consistently in the brachial plexus studies
used in the current study, especially in infants, thus the T1
level was not scored for MRI. To minimize potential bias, the
neuroradiologist was blinded to clinical details of the partic-
ipants, including which ones ultimately underwent surgery.
A mean MRI score for each participant was calculated by
averaging the scores of the four root levels.

NCS

NCS data were collected for all 21 participants with a total of
30 studies completed. Antidromic median and ulnar nerve
sensory response amplitudes (recording digits II and V
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respectively) and median and ulnar motor amplitudes were
collected, plotted, and interpreted using published reference
ranges for the pediatric population."” As higher amplitudes
generally indicate more robust axonal physiology, raw ampli-
tudes were analyzed rather than converting them to scores.

EMG: fibrillation potentials and positive
sharp waves

Fibrillation potentials and positive sharp waves (PSWs) on
needle EMG examination both indicate denervation, thus
were considered together to determine severity of denervation.
We created the following denervation score to convert the
standard clinical scoring system into one where a higher score
indicates better results: 2 = no fibrillation potentials or PSWs;
1 = 1+ or 2+ fibrillation potentials and/or PSWs; and 0 = 3+ or
4+ fibrillation potentials and/or PSWs. The scores were cal-
culated for individual muscles, grouped by innervating nerve
roots,"* and plotted. The scores for fibrillation potentials and
PSWs were then averaged to create a single denervation score
ranging from 0 to 2 for each nerve root level.

EMG: amplitude and duration

Increased amplitude and duration of motor unit poten-
tials are recognized to indicate the presence of reinnerva-
tion of injured nerves. Amplitude and duration were scored
separately, where 1 = normal and 0 = increased amplitude
or duration. The scores were summed to calculate a single
amplitude/duration score ranging from 0 to 2.EMG: recruit-
ment and activation patterns.

Recruitment and activation patterns provide valuable
information regarding the degree of reinnervation and ax-
onal continuity. We created the following scoring system:
2 = normal recruitment and activation patterns; 1 = reduced
recruitment, including discrete and single units; and 0 = no
activated motor units. The scores were calculated and plot-
ted as described above, with the additional stratification of
surgical versus non-surgical participants.

Total EMG scores

Aggregate motor unit EMG scores (total EMG scores) were
calculated by summing the individual amplitude (0-1),
duration (0-1), and recruitment/activation pattern (0-2)
scores, then adding them to the average denervation (0-2)
score, yielding a total EMG score ranging from 0 to 6 for
each nerve root tested per study.

Mean total EMG scores

The mean total EMG score for each participant was calcu-
lated as the mean of the total EMG scores at each nerve root.

The range of mean total EMG scores was 0 to 6 also, but each
score was assigned to a single participant rather than to an
individual nerve root for a given participant.

Statistical analysis

Descriptive statistics were calculated, and graphs were gen-
erated using GraphPad Prism 9.0.0 (GraphPad Software,
San Diego, CA, USA). Positive predictive values (PPVs) and
sensitivities were calculated using the need for surgery as
the positive outcome, no surgery as the negative outcome,
and a score below a specific threshold serving as a positive
test result. A PPV of 100% for either BPBI or postneonatal
BPI was considered prognostically accurate for the diag-
nostic measure in question. In cases of missing electrodi-
agnostic data for specific root levels, denominators were
adjusted to reflect the number of data points available and
to ensure the accuracy of mean value calculations; among
alternative strategies for handling missing data, imputa-
tion would have introduced a potential source of bias and
omission would have significantly reduced the statistical
power of the study.

RESULTS
Participant cohort

We identified 21 participants aged 8days to 21years
5months (mean 8y 6.95mo, median 7y 4mo, standard
deviation 7y 8.47mo), of whom 10 were female and 11
were male; 13 participants had BPBI while eight had
postneonatal BPI (Table 1). These participants had a
total of 30 electrodiagnostic studies, 14 brachial plexus
MRI studies, and 10 surgical interventions, with two of
those having pre- and postprocedure AMS data (no par-
ticipant underwent surgery more than once during the
study period) (Figure S1). The 10 individuals who under-
went surgeries had participant identification numbers 1,
5,7 8, 11, 12, 13, 18, 19, and 20. These procedures in-
cluded muscle transfer, tendon transfer, nerve transfer,
and nerve grafting; neurolysis was not performed on
any participants. Three participants received botulinum
neurotoxin A injections, but these did not accompany
any electrodiagnostic studies and were not counted as
surgical procedures.

AMS in non-surgical participants

Non-surgical participants showed a broad range of ini-
tial AMS for the upper (Figure S2a), middle (Figure S2b),
and lower (Figure S2c) trunks. Overall, seven of nine
non-surgical participants with upper trunk AMS data
demonstrated improvement at 24 months. For the mid-
dle trunk, AMS improvement did not occur for any
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TABLE 1 List of participants with onset category, sex, surgical category, and initial Narakas classification
Narakas
Participant Onset classification Sex Surgical status classification
1 Postneonatal M Surgical 2
2 Postneonatal M Non-surgical X
3 BPBI M Non-surgical 2
4 BPBI E Non-surgical 0
5 BPBI F Surgical X
6 Postneonatal M Non-surgical X
7 BPBI F Surgical 3
8 BPBI F Surgical 1
9 BPBI F Non-surgical 0
10 BPBI M Non-surgical 0
11 BPBI M Surgical 0
12 Postneonatal M Surgical 4
13 BPBI F Surgical 1
14 Postneonatal M Non-surgical 0
15 BPBI F Non-surgical 0
16 BPBI M Non-surgical 4
17 Postneonatal M Non-surgical 0
18 Postneonatal F Surgical 2
19 BPBI F Surgical 2
20 Postneonatal M Surgical 4
21 BPBI F Non-surgical 2

Narakas classification: (1) C5, C6 involvement with biceps and deltoid weakness; (2) C5, C6, C7 involvement, with preservation of the long finger flexors; (3) pan-plexus involvement
with slight finger flexion only; (4) pan-plexus involvement with or without Horner syndrome. Note that 0 denotes insufficient weakness to meet any of the Narakas classification
criteria, and that x denotes insufficient data in the medical record to assign a Narakas classification level. Abbreviations: BPBI, brachial plexus birth injury; F, female; M, male.

participants until 7months post-injury and three of
seven participants demonstrated AMS improvement by
19 months. As many participants had BPBI with classic
Erb palsy patterns, improvements were seen primarily in
the upper and middle trunks (Figure S2a and S2b), and
to a lesser extent in the lower trunk (Figure S2¢). Our
AMS data for elbow flexion alone demonstrated scores
of 5 or higher by 6 months post-injury in five out of 14
non-surgical participants, indicating improved mobil-
ity against gravity at that timepoint (Figure S2d). More
global upper trunk AMS data demonstrated scores of 5
or higher by 6 months post-injury in six of nine non-
surgical participants (Figure S2a).

AMS in participants undergoing surgery

Of the 10 participants requiring surgical interventions,
two had longitudinal pre- and postprocedure AMS data
(Figure S2e). Participant 1 had nerve surgery on the bra-
chial plexus, displaying AMS improvement around months
2 to 4 after injury. The second surgical participant, 19, had
tendon repair without nerve surgery. Participant 19’s post-
surgical AMS averages worsened over time, perhaps due to
muscle displacement that is a component of tendon repair
procedures.

MRI assessment of surgical participants

For BPBI, MRI scores lower than 2 were present at C7 and C8
for both surgical participants, yielding a 100% PPV and 100%
sensitivity for surgery at that threshold (Figure 1a). Similarly, for
postneonatal participants, MRI scores of 2 or lower were present
at C7 for all three surgical participants, yielding a 100% PPV for
surgery at that threshold (Figure 1b). Mean MRI scores of 2 or
lower had a lower PPV of 67% for surgery in BPBI (Figure 1c),
but mean MRI scores lower than 3 had a 100% PPV and
100% sensitivity for surgery in postneonatal BPI (Figure 1d).
Examples from representative MRIs are shown (Figures S3-S6).
Thus, analysis of MRI scores by root levels provide more de-
tailed information and appear to be slightly more precise than
mean MRI scores in predicting surgical decisions.

NCS

Sensory nerve action potentials in the median and ulnar
distributions were abnormal in many participants, but with
no pattern emerging to help with prognosis (Figure S7a and
Figure S7b). Sensory nerve action potential patterns did not
help detect nerve root avulsion injuries in participants 1, 5,
15, and 20, perhaps because of the concurrent BPIs. Median
and ulnar compound motor action potentials were mostly
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FIGURE 1 Analysis of brachial plexus magnetic resonance imaging (MRI) studies. MRI scores were assigned by individual root levels and plotted

for (a) seven participants with brachial plexus birth injury (BPBI) and (b) five participants with postneonatal brachial plexus injury (BPI). Data for
participants who required surgery are shown on the left side and data for those who did not are shown on the right side. Mean MRI scores were then
calculated for each participant by summing the scores and then dividing by the number of root levels scored. These mean MRI scores were plotted for (c)
participants with BPBI and (d) participants with postneonatal BPI, also with surgical participants on the left and non-surgical participants on the right.

The scores ranged from 0 (avulsion) to 5 (normal)

normal® (Figure S7c). Neither sensory nor motor ampli-
tudes were prognostic of the need for surgery.

EMG: motor unit amplitude and duration scores

Signs of reinnervation indicate healing, thus should be used
with caution to determine initial severity of BPI and prog-
nosis. Accordingly, we found that amplitude and duration
scores by themselves had limited capacity to detect the need
for surgery (Figures S8 and S9).

EMG: activation and recruitment patterns

Activation and recruitment patterns did not clearly distinguish
between surgical and non-surgical outcomes (Figure S10).

Aggregate motor unit EMG scores versus MRI
severity scores by trunk

Aggregate motor unit EMG scores had limited capacity to
distinguish surgical versus non-surgical participants, pri-
marily at the C5-C7 root levels (Figure S11).

EMG: denervation scores as indicated by
fibrillation potentials and PSW

Average denervation scores of 1 or less for any nerve root had
a PPV of 100% for participants with BPBI (Figure S12a), and
a PPV of 100% for postneonatal cases (Figure S12b).

EMG: total EMG scores (amplitude + duration
+ activation/recruitment + average denervation
scores) and mean total EMG scores

The total EMG score for individual root levels in partici-
pants with BPBI showed only partial predictive value and
limited sensitivity for surgical interventions (Figure 2a). On
the other hand, a total EMG score of 2 or less at C8 in post-
neonatal BPI showed 100% PPV (Figure 2b). A mean total
EMG score of 3 or less had 86% PPV and 75% sensitivity
for decisions to pursue surgery in participants with BPBI
(Figure 2c), while a mean total EMG score of 3 or less had a
100% PPV and 67% sensitivity for decisions to pursue sur-
gery in participants with postneonatal BPI (Figure 2d).

Mean total EMG scores + mean MRI scores

Summing the EMG and MRI scores for individual par-
ticipants yielded a composite score for each individual that
had 100% PPV when the score was 3 or less for both BPBI
(Figure 3a) and postneonatal BPI (Figure 3b), suggesting that
there may be prognostic value in analyzing the severity of
involvement on both studies together.

DISCUSSION

Our study provides further analysis of the prognostic value
of several standard assessments in the setting of childhood
BPI, with new scoring systems to help quantify the severity
of the findings and a detailed analysis of the relative value of
different components of the electrodiagnostic examination.
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FIGURE 2  Analysis of total electromyography (EMG) scores, calculated as the sum of the amplitude, duration, activation/recruitment pattern, and
average denervation scores, with a range of 0 (severe) to 6 (normal). Total EMG scores were assigned by root levels for (a) brachial plexus birth injury
(BPBI) and (b) postneonatal brachial plexus injury (BPI) studies. Surgical participants are shown on the left side and non-surgical participants on the
right side. Mean total EMG scores were calculated by summing the total EMG scores for individual root levels for each participant and then dividing by
the number of root levels assessed. Mean total EMG scores are shown for (c) BPBI and (d) postneonatal BPI studies, also with surgical participants on the
left and non-surgical participants on the right

(a) Sum of mean total EMG and MRI for participants with BPBI  (b) Sum of mean total EMG and MRI for post-neonatal participants
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brachial plexus birth injury (BPBI) and (b) participants with postneonatal brachial plexus injury (BPI), with a total possible score of 11 (a maximum of 6
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Among clinical scoring systems, the AMS is popular in  particular.?' Our findings do not support using elbow flexion

North America, whereas assessments of active range of mo- AMS alone to determine the need for surgery, indicating in-
tion and the Mallet score are more popular in other regions of ~ stead that more comprehensive use of assessment scales tend
the world."” Our study suggests that AMS helps assess longi-  to be more accurate. The presence of Horner syndrome pre-
tudinal progress but is less useful for prognosis. The presence  dicted the need for surgery in one study.*"

or absence of voluntary elbow flexion on physical examination Our analysis suggests that early MRI may be valuable for

has been promoted in the surgical literature as a simple means  prognosis and for guiding surgical decisions, in agreement
of determining the need for surgery.*'®'” However, one study ~ with a prior study.”* Our numerical scale for degree of BPI
found that assessments of shoulder strength asymmetries  severity on MRI studies may be adopted by multidisciplinary
are important in this regard,'® while others suggest that both ~ teams who are treating these children to help make objective
elbow and shoulder movements are more reasonable for over- decisions regarding surgical interventions.

all prognosis™ and surgical decision-making.2’ Various appli- Among electrodiagnostic components, denervation on
cations of the AMS have been proposed for BPBI prognosisin ~ needle EMG was the most accurate individual measure in



1260 |

PORTWOOD ET AL.

the current study for determining the need for surgical in-
tervention, while the mean total EMG score also provided
valuable prognostic information. Because of the complex-
ity of interpreting the component and aggregate findings
of electrodiagnostic studies, their utility in the setting of
BPI continues to be controversial, with skeptics*> and pro-
ponents.”* In some literature, it has been suggested that
electrodiagnostic studies are overly optimistic regarding
the prognosis for BPBI,”*>® but not for BPI in older chil-
dren.”” We did not see consistent signs of excessive opti-
mism on our analyses, perhaps because of the analysis of
different components of the data obtained from electrodi-
agnostic studies.

There is some disagreement among peripheral nerve
surgeons regarding the optimal approach to the manage-
ment of children with BPL.*® Surgical decisions should be
considered with a full consideration of potential risks and
benefits, in light of complications that are known to occur
with such interventions.”” Most would agree that there are
potential benefits to early evaluation (3-6wks of age/post-
injury) by a multidisciplinary team that ideally includes
a pediatric neuromuscular neurologist, rehabilitation
physician, occupational therapist, and a peripheral nerve
surgeon.® Another study that compared electrodiagnostic
studies versus MRI found that electrodiagnostic studies
were somewhat superior to MRI in detecting preganglionic
lesions; that study was conducted exclusively in a surgical
cohort with findings at surgery used as the criterion stan-
dard for diagnosis."

Strengths of the current study include the development of
scoring systems for diagnostic studies that are traditionally
interpreted more qualitatively and the separate analyses of
specific subsections of the electrodiagnostic examination.
Limitations include the small sample size for the postneo-
natal BPI group which may limit the generalizability of our
PPV calculations, the retrospective derivation of AMS scores
which limited the number of these scores available for anal-
ysis, and the assumption that surgical decisions (including
those involving tendon procedures) always reflect the se-
verity of the case. The lack of sensory nerve action poten-
tial and compound motor action potential data for nerves
representing higher root levels (C5-C7) precludes definitive
conclusions regarding the introduction of potential bias in
comparing the utility of NCS versus EMG in prognostica-
tion for pediatric BPI, and precludes definitive conclusions
regarding the relative merits of these two components of
electrodiagnostic studies. The number of studies was more
robust for electrodiagnostic studies compared to the other
measurements as numerous participants had more than one
electrodiagnostic study.

We conclude that AMS scores have utility for tracking
the clinical course longitudinally, whereas MRI scores, de-
nervation scores on needle EMG, and mean of total EMG
scores are the most useful measures to determine prognosis
and the need for surgical intervention. The overall 11-point
score that incorporates both MRI and electrodiagnostic re-
sults also provided helpful prognostic information. Until

additional data become available to refine findings from our
study and other studies, both electrodiagnostic studies and
MRI should be used in the early assessment of these children
whenever possible, and assessed together using the proposed
11-point scoring system to yield more accurate prognostic
information.
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SUPPORTING INFORMATION

The following additional material may be found online:
Figure S1: Timeline of key events after BPI for each of the 21
participants, including MRI, EMG, and surgical interventions.
Figure S2: AMS.

Figure S3: Coronal 3D T2-weighted imaging from
participant 10.

Figure S4: Coronal 3D short tau inversion recovery T2-
weighted imaging from participant 10.

Figure S5: Axial 3D T2-weighted imaging from participant 7.
Figure S6: Axial 3D constructive interference in steady state
T2-weighted imaging from participant 19.

Figure S7: Nerve conduction study amplitudes.

Figure S8: Average EMG motor unit amplitude severity scores.
Figure S9: Average EMG motor unit duration severity scores.
Figure S10: Average EMG motor unit recruitment and
activation scores.

Figure S11: Aggregate EMG severity scores.

Figure S12: Denervation scores by root level.
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