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Motor unit number index
(MUNIX) in the D50 disease
progression model reflects disease
accumulation independently

of disease aggressiveness in ALS

Theresa Ebersbach'*, Annekathrin Roediger**“, Robert Steinbach?, Martin Appelfeller?,
Anke Tuemmler?, Beatrice Stubendorff!, Simon Schuster?, Meret Herdick?, Hubertus Axer?,
Otto W. Wittel & Julian Grosskreutz?3

The neurophysiological technique motor unit number index (MUNIX) is increasingly used in clinical
trials to measure loss of motor units. However, the heterogeneous disease course in amyotrophic
lateral sclerosis (ALS) obfuscates robust correlations between clinical status and electrophysiological
assessments. To address this heterogeneity, MUNIX was applied in the D50 disease progression
model by analyzing disease aggressiveness (D50) and accumulation (rD50 phase) in ALS separately.
237 ALS patients, 45 controls and 22 ALS-Mimics received MUNIX of abductor pollicis brevis (APB),
abductor digiti minimi (ADM) and tibialis anterior (TA) muscles. MUNIX significantly differed between
controls and ALS patients and between ALS-Mimics and controls. Within the ALS cohort, significant
differences between Phase | and Il revealed in MUNIX, compound muscle action potential (CMAP) and
motor unit size index (MUSIX) of APB as well as in MUNIX and CMAP of TA. For the ADM, significant
differences occurred later in CMAP and MUNIX between Phase Il and llI/IV. In contrast, there was

no significant association between disease aggressiveness and MUNIX. In application of the D50
disease progression model, MUNIX can demonstrate disease accumulation already in early Phase |
and evaluate effects of therapeutic interventions in future therapeutic trials independent of individual
disease aggressiveness.

Abbreviations

ADM Abductor digiti minimi muscle
ALS Amyotrophic lateral sclerosis
ALSFRS-R  Revised amyotrophic lateral sclerosis functional rating scale
APB Abductor pollicis brevis muscle
CMAP Compound muscle action potential
EMG Electromyography

IQR Interquartile range

LMN Lower motor neuron

LSPR Laboratory-supported probable
MiToS Milano-Torino staging system

MU Motor unit

MUNIX Motor unit number index
MUSIX Motor unit size index
PLMN Pure lower motor neuron
rD50 Relative D50
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SIP Surface EMG interference pattern
SD Standard deviation

TA Tibialis anterior muscle

UMN Upper motor neuron

Amyotrophic lateral sclerosis (ALS) is a multisystemic neurodegenerative disease and predominantly charac-
terized by the loss of function of both upper (UMN) and lower motor neurons (LMN). Patients show a high
heterogeneity in clinical presentation. Differences in age and site at onset, different patterns of clinical spread and
most-of-all variable disease progression-speed hamper care and research. Therefore, reliable surrogate markers
are urgently needed to address patient’s individual disease course and enable optimized monitoring for future
treatments and trial designs™?.

Motor unit number index (MUNIX) reflects the number of motor units (MU) of LMNs and thereby the loss
of function in a measured muscle. It is a non-invasive method and needs only a few minutes of assessment per
muscle. For the computation a supramaximal compound muscle action potential (CMAP) and surface EMG
interference patterns (SIPs) are recorded during voluntary isometric contractions. Motor unit size index (MUSIX)
is the quotient of CMAP (in uV) and MUNIX and indicates reinnervation processes®=. In several recent stud-
ies, the technique of MUNIX was validated and established as reliable neurophysiological method in motor
neuron diseases including ALS*!*. MUNIX is even able to show loss of MU in pre-symptomatic muscles in
ALS™. Altogether, it has been recognized as a promising biomarker to measure disease progression in ALS'*""°.

Prior studies used the decline of the revised ALS functional rating scale (ALSFRS-R)'® as a parameter for
disease progression, but had a rather small sample size of the ALS cohort'*™'°. In these studies, MUNIX of distinct
muscles respectively summarized as sum scores correlated with the ALSFRS-R score but had a faster decline rate
per month than the ALSFRS-R score.

Here we characterized the relation of MUNIX and the quantitative ALS disease course parameters derived
from the D50 disease progression model. The model reduces the noise associated with the ALSFRS-R and
parameters characterizing the individual disease course can be calculated for any time point!”'8, It can specifically
separate patient’s disease aggressiveness and disease accumulation which is essential to understand the validity
of a biomarker in an ongoing clinical trial where patients progress through different phases.

The aim of the study was to clarify whether MUNIX relates to overall disease aggressiveness or to disease
accumulation independent of individual progression. We used the D50 disease progression model to analyze
separately the relationship between both disease aggressiveness and MUNIX parameters and disease accumula-
tion and MUNIX parameters.

Materials and methods

Participants and methods. All participants of this study were recruited from the center for neuromus-
cular and motor neuron diseases at Jena University Hospital and gave their written and informed consent for
participation. The study was approved by the Jena University Hospital Ethics Committee in advance (Nr.3633-
11/12) and was performed in accordance with ICH E6 (R2) guideline for good clinical practice. MUNIX meas-
urements of abductor pollicis brevis (APB), abductor digiti minimi (ADM) and tibialis anterior (TA) muscles
were conducted between December 2013 and October 2020 by trained and certified clinical neurophysiologists.
Previous observations at our department of neurology and prior studies assume that APB, ADM and TA are the
most technically feasible and reliable muscles for this method®'°. ALSFRS-R were collected in the years 2011 to
2020. In two patients, ALSFRS-R scores have already been collected in 2011 and 2012 before they received the
first MUNIX measurement. Those were also included in the calculation of the D50 disease progression model.

The MUNIX method including computation was described in detail previously>*!°. Attention was paid to
optimize the position of the CMAP electrode and establish a maximum amplitude. Recording and reference
electrodes were self-adhesive (20 x 15 mm, Ambu Neuroline 700). Measurements were performed according to
internationally approved protocol and guideline®’.

The healthy controls (n=45) were mostly spouses of ALS patients, all older than 40 years and did not have any
diseases that could influence the measurement. The ALS-Mimics group included patients suffering from spinal
canal stenosis with myelopathy (n=11), paraneoplastic syndrome (n=7), multifocal motor neuropathy (n=2),
ependymoma (n=1) and proximal myotonic myopathy (n=1) with prior differential diagnostic suspicion of ALS
and were included during the same time period as ALS patients and controls. 281 ALS patients received MUNIX
measurements whilst attending our center for clinical routine. We excluded 44 ALS patients due to one of the
following exclusion criteria: Gold Coast diagnostic Criteria for ALS not fulfilled® (n =36, retrospectively), less
than two ALSFRS-R assessments (n=2), measurements on the clinically more affected side (n=4) or juvenile
ALS (n=2).

In this study we only considered measurements of the less affected side per muscle and analyzed the first
MUNIX measurement of each patient in their individual disease course. Due to the partly already strongly
advanced muscle weakness, a value within the inclusion criteria of the MUNIX guideline (CMAP >0.5 mV)° for
all three muscles could not be achieved for each person. That is, some patients had a measurement that met the
inclusion criteria of this guideline in only one or two of the three muscles measured. To take that into account and
to avoid flawed shifts towards higher median values, we set each measurement without such a value as follows:
CMAP=0.5mV, MUNIX =2 and MUSIX = CMAP in pV/MUNIX=0.5 mV x 1000/2=250. We have decided to
precisely use these values to avoid technical artifacts on the one hand, but also allow small values on the other. As
aresult, there were no missing values and no selection bias in the data processed for statistical analyses, because
all patients had distinct values for CMAP, MUNIX and MUSIX for each of the three muscles.
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Figure 1. Principles and parameters of the D50 disease progression model: (A) calculated sigmoidal curves
based on obtained ALSFRS-R scores (dots). D50 represents the individual time cape in months from symptom
onset to halved functionality. Three example patients with high (red curve, D50 =8.92 months), intermediate
(yellow curve, D50 =26.43 months) and low (green curve, D50 =60.13 months) disease aggressiveness. (B) The
individual disease duration in reference to D50 yields the parameter relative D50 (rD50). Patients with different
D50 values go through similar phases (I-IV) of disease accumulation. rD50 allows to compare patients with
vastly different disease aggressiveness. (C) Histograms of D50 model parameters of the ALS MUNIX cohort
(n=237, red bars) and of the whole ALS cohort (n=565, green bars) available at our center.

The D50 disease progression model. To address the heterogeneity of the disease in ALS, which compli-
cates comparability among ALS patients and potentially weakens the value of surrogate parameters, nonlinear
disease progression in ALS was suggested in previous studies, which utilized generalized additive mixed models,
Rasch analysis and longitudinal mixed effect models*'~?. Here, we applied the D50 disease progression model
calculated by an iterative curve fitting approach because it differentiates between disease aggressiveness and
disease accumulation'”?*?°, Based on the ALSFRS-R questionnaires, this model describes the individual disease
course as a sigmoidal curve from full health to progressive functional loss. At least two ALSFRS-R question-
naires and the time of the first symptom are necessary for valid modeling. dx represents the decline of the func-
tion and highly correlates with D50 (in this cohort R?=0.94). In detail, D50 is the time taken in months for a
patient to lose 50% of his/her functionality (illustrated in Fig. 1A). This parameter (consisting of disease burden
over time) is a measure of patient’s disease aggressiveness. Our cohort was divided into three groups based on
their D50 values: high (0 <D50 <20 months), intermediate (20 < D50 <40) and low (D50 >40) aggressiveness.
However, disease aggressiveness is only one way of interpreting disease progression. At a certain timepoint
(distant from collected ALSFRS-R), patients can be anywhere in their disease trajectory, meaning that different
patients show variable neurodegenerative decline at that time. Putting the individual disease duration in refer-
ence to D50, our model enables us to replace the time scale with an open-ended scale, where 0 represents disease
onset and 0.5 the time point of 50% functionality loss (relative D50, rD50; Fig. 1B). Thereby, patients can be
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Controls ALS ALS-Mimics
n 45 237 22
Age 56.1 (47.7-67.2) 65.8 (58.1-71.9) | 62.0 (57.6-75.8)
Gender f/m 32/13 103/134 6/16
APB
CMAP 10.4 (8.1-12.2) 4.68 (1.73-7.14) 7.78 (3.54-9.31)
MUNIX 158.7 (120.0-212.1) | 51.9 (14.5-106.0) | 116.1 (37.6-140.4)
MUSIX 58.7 (53.9-73.1) 87.9 (65.9-183.9) | 66.3 (57.5-139.3)
TA
CMAP 5.76 (5.20-6.81) 3.55(1.03-5.51) | 4.46 (0.50-6.41)
MUNIX 132.6 (123.0-149.3) | 64.5(16.4-104.0) | 92.1 (2.00-127.2)
MUSIX 42.9 (37.9-49.0) 55.3 (45.7-114.9) | 55.1 (46.5-250.0)
ADM
CMAP 10.9 (9.59-12.1) 6.74 (3.18-9.50) 6.95 (1.75-9.04)
MUNIX 147.8 (119.0-186.7) | 77.3(27.2-121.6) | 92.3 (3.55-133.3)
MUSIX 69.3 (62.4-80.2) 90.4 (72.1-146.9) | 86.5 (70.2-250.0)

Table 1. Demographics and MUNIX parameters of the three cohorts. Parameters are given as median and
interquartile range. CMAP is given in mV. f female, m male.

ranged on their individual disease trajectory. Calculation occurred at the time point of MUNIX and represents
the individual disease accumulation. Our cohort was divided into the following phases: the early (semi-)stable
Phase I (0<rD50<0.25), the early progressive Phase II (0.25<rD50<0.5), and the late progressive and stable
Phase III/IV (rD50>0.5).

The D50 model provides high precision in Phases I and II during which more than 90% of MUNIX measure-
ments were taken. Later in disease when ALSFRS-R decay drops below 20 and tends to plateau, the model per-
forms with less precision, but only 23 patients of 237 patients had progressed to these later stages of disease'®**?°.

Taken together, our model divides the umbrella term “disease progression” into the constructs disease aggres-
siveness and disease accumulation, whereat the latter provides a standardized measure of disease phases. Also,
the D50 model allows quantitative comparisons between different patients in their individual disease course
analyzing MUNIX in a pseudo-longitudinal approach.

Figure 1C shows histograms of D50 progression model parameters that illustrate that this ALS MUNIX
cohort (n=237) well represents the regional ALS cohort treated at our center (n=>565). Disease accumulation
and disease aggressiveness are independent and separate parameters, which is important to understand patient’s
individual disease course in more detail.

Statistical analysis. All statistical analyses were performed with SPSS Statistics v27.0 (IBM, Chicago, IL,
United States). GraphPad Prism v9.0 was used for illustrations (GraphPad Software, San Diego, CA, United
States). Normal distribution of data was proofed with the Shapiro-Wilk test. As not all data were normally dis-
tributed, but left skewed, comparisons between the three groups were conducted with the Kruskal-Wallis test
and post-hoc pairwise comparisons with Bonferroni correction. For differences in nominal variables between
groups, the Chi-Square test or Fisher-Freeman-Halton exact test were used. Associations between groups were
implemented with a Spearman correlation because data were not following a normal distribution. For all analy-
ses, a p-value less than 0.05 was considered as statistically significant.

Results

Participant characteristics. Demographic and MUNIX parameters of the three cohorts are shown in
Table 1. The median and percentiles of the controls (Supplementary Table 1) were in accordance with prior
studies®*~%%. The controls were slightly younger than the ALS-Mimics (p =0.047) and the ALS patients (p <0.001).
Gender was also not homogenously distributed over the three groups, there were especially more healthy women
in percentage compared to the ALS cohort (p<0.001).

The whole ALS cohort had a D50 median of 29.2 months (IQR 18.5-46.4 months) and a rD50 median of
0.27 (IQR 0.17-0.39). Detailed clinical data for ALS patients are summarized in Table 2. All measurements with
a MUNIX value less than 2 or only a CMAP without MUNIX value were set as small values (CMAP=0.5 mV,
MUNIX =2, MUSIX =250). The different ALS phenotypes follow the classification of Chio et al.?’. The category
“Pyramidal ALS” denotes a predominant involvement of the upper motor neurons. All ALS patients fulfilled
the Gold Coast criteria of ALS®. For better comparison with prior studies, Table 2 also shows the classifica-
tion according to the revised El Escorial criteria®® and the disease progression rate calculated as followed: (48
— ALSFRS-R at MUNIX)/disease duration in months.

For further analysis, the ALS MUNIX cohort was divided into three subgroups based on disease accumula-
tion (rD50) and disease aggressiveness (D50). Stratifying the ALS cohort based on their disease accumulation
in three phases of rD50, the D50 medians differed significantly between Phase I and II (p <0.001). ALS patients
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Disease accumulation

rD50 Phase 1(0=<rD50<0.25) |II(0.25<rD50<0.5) | III/IV (rD50=0.5)

n 103 111 23
MUNIX APB 83.9(32.5-132.2) | 44.7 (9.5-80.9) 2.0 (2.0-32.6)
MUNIX TA 93.2(36.6-132.2) | 48.4(13.1-92.8) 36.7 (2.0-75.3)
MUNIX ADM 93.1 (47.9-137.5) 70.5 (24.1-119.4) 19.7 (8.2-53.1)
MUSIX APB 78.6 (59.5-129.6) | 95.1 (71.0-202.5) 250.0 (88.5-250.0)
MUSIX TA 52.0 (44.8-73.9) 55.5 (46.3-152.4) 63.5 (45.9-250.0)
MUSIX ADM 85.2 (67.6-131.8) 92.7 (72.9-161.2) 123.1 (92.3-192.2)
CMAP APB 6.25 (4.19-8.48) 3.79 (1.59-6.42) 0.50 (0.50-3.57)
CMAP TA 4.62 (1.81-6.13) 2.89 (0.82-4.55) 2.32 (0.50-3.35)
CMAP ADM 7.78 (5.45-10.1) 6.33 (3.07-9.20) 2.54 (1.39-6.53)

n of set values

APB/TA/ADM

13/19/13

21/26/17

12/8/4

D50 disease progression model parameters

rD50 at MUNIX

D50 in months

Aggressiveness high/intermediate/low

0.17 (0.12-0.21)

0.34 (0.28-0.42)

0.55 (0.53-0.61)

36.8 (21.5-66.1)

26.5 (17.2-40.6)

23.1(8.6-29.4)

21/36/46

36/47/28

10/11/2

Demographic and clinical parameters

Age at MUNIX measurement

62.1 (56.0-68.9)

66.7 (59.3-74.9)

66.9 (63.8-74.0)

Gender (female/male) 44/59 48/63 11/12
Disease progression rate* 0.43 (0.20-0.68) 0.65 (0.40-1.13) 1.06 (0.75-2.37)
ALSFRS-R at MUNIX measurement* 43 (41-45) 36 (32-39) 23 (19-25)
n of ALSFRS-R observations 7 (4-12) 5(3-10) 5(2-10)
Disease duration at MUNIX 10.4 (7.2-19.3) 17.6 (12.8-28.6) 28.2 (14.2-33.7)
Classic 58 66 11
Bulbar 37 38 11
Flail arm 3 1 0
ALS phenotype Flail leg 2 0 0
Pyramidal 3 1 0
PLMN 0 5 1
Riluzole intake yes/no 92/11 96/15 21/2
Definite 28 47 13
Revised El escorial criteria Probable > i >
LSPR 45 27 7
Possible 7 2 0

Table 2. Clinical parameters of the ALS MUNIX cohort. Values are given as median and interquartile range or
numbers. ADM abductor digiti minimi, ALS amyotrophic lateral sclerosis, APB abductor pollicis brevis, CMAP
compound muscle action potential, LSPR laboratory-supported probable, MUNIX motor unit number index,
MUSIX motor unit size index, PLMN pure lower motor neuron, TA tibialis anterior. *Related to 213 of the 237
patients in whom the range between MUNIX and ALSFRS-R was 0+ 4 weeks. ALS phenotypes in accordance
to Chio et al.”.

with low disease aggressiveness (high D50 value) were in an earlier phase of disease accumulation than patients
with a high disease aggressiveness and low D50 value (sample shift*).

Gender and phenotype were homogenously distributed throughout the rD50 phases (Chi-Square test,
Fisher-Freeman-Halton exact test). However, age was slightly higher for patients in more advanced disease
phases (Phase I: 62.08 versus Phase II: 66.67, p =0.006; Phase I versus Phase III/IV: 66.92 years; p=0.025).

Age and gender were homogenously distributed throughout the D50 aggressiveness subgroups, only the
distribution of phenotypes differed due to more bulbar patients in the high aggressive D50 group in percentage
terms (Supplementary Table 2).

MUNIX parameters reflect disease accumulation. In statistical analysis MUNIX showed a nega-
tive association between different phases for each muscle (APB r=- 0.354, TA r=- 0.294, ADM r=- 0.256;
p<0.001). Stratifying the ALS cohort into three groups based on their phase, significant differences could be
found (Fig. 2A).

The MUNIX in APB showed significant differences throughout all disease phases (Phase I versus IT and I ver-
sus ITI/IV p <0.001, II versus ITII/IV p=0.019). For MUNIX in TA there were significant differences also between
Phase I and IT (p=0.001) and Phase I and III/IV (p=0.001). There was no significant difference between Phase
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Figure 2. Scatterplots of the ALS cohort of MUNIX (A,B), MUSIX (C,D) and CMAP (E,F) divided for each
muscle into three groups based on: (A,C,E) rD50 phases: the early semistable Phase I (0<rD50<0.25, in
green), the early progressive Phase I (0.25<rD50<0.5, in blue), and the late progressive and stable Phase III/
IV (rD5020.5, in gray). (B,D,F) High (0<D50 <20 months, in red), intermediate (20 < D50 <40, in yellow) and
low (D50 =40, in green) disease aggressiveness. *p <0.05, **p <0.01, **p <0.001. Comparisons with Kruskal-
Wallis test, pairwise comparisons with Bonferroni correction. Bars indicate median and interquartile range.
ADM abductor digiti minimi, APB abductor pollicis brevis, CMAP compound muscle action potential (in mV),
MUNIX motor unit number index, MUSIX motor unit size index, TA tibialis anterior.
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Figure 3. Scatterplots of CMAP (A), MUNIX (B) and MUSIX (C) of APB, TA and ADM of the three different
groups. Bars indicate median and interquartile range. *p <0.05, **p <0.01, ***p <0.001. Comparisons with
Kruskal-Wallis test, pairwise comparisons with Bonferroni correction. ADM abductor digiti minimi, ALS
amyotrophic lateral sclerosis, APB abductor pollicis brevis, TA tibialis anterior.

II and III/IV (p=0.338). Otherwise, medians of MUNIX in ADM showed no significant differences between
Phase I and I (p=0.068), but between Phase IT and ITII/TV (p=0.015) and between Phase I and III/IV (p <0.001).

rD50 subgroup comparisons of CMAP in APB and TA revealed significant differences between Phase
Iand II (p<0.001/p=0.001) and between Phase I and III/IV (p<0.001), but not between Phase II and III/
IV (p=0.055/p=0.143, Fig. 2E). CMAP in ADM showed no significant differences between Phase I and II
(p=0.075), but between Phase II and III/IV (p=0.025) and between Phase I and III/IV (p <0.001).

For MUSIX in APB there were significant differences between all disease phases (Phase I versus II p=0.024),
I versus ITII/IV p <0.001, II versus ITI/IV p=0.023, Fig. 2C). The MUSIX in ADM showed only between Phase I
and III/IV significant differences (p =0.014), not between the other phases (Phase I versus II p=0.386, II versus
III/IV p=0.158). Subgroup comparisons of MUSIX in TA revealed no significant differences.

The percentage of small set values because of “drop-out” below the lower limit increased in each of the three
muscles within the rD50 phases. However, this did not differ significantly in TA (p=0.22) and ADM (p=0.77)
muscles. Whereas in APB, there were significant differences between the percentage of fixed values in Phase I
and III/IV (p<0.001) as well as Phase IT and III/IV (p=0.002).

MUNIX parameters showindependence of disease aggressiveness.  Association-analyses between
MUNIX of each muscle and D50 did not reveal any significant interaction. Dividing the ALS cohort into three
subgroups of disease aggressiveness, there were no significant differences in MUNIX of each muscle except
between high and intermediate D50 group of TA (p=0.036) (Fig. 2B). MUNIX in APB, TA and ADM showed a
wide interquartile range for each D50 subgroup.

D50 subgroup comparisons of the CMAP revealed no significant differences in any muscle (Fig. 2F). MUSIX
showed no significant differences between all D50 subgroups of APB and ADM, but in TA between both high
and intermediate (p =0.005) and high and low (p =0.006) D50 subgroups (Fig. 2D).

Medians of MUNIX parameters of each muscle and D50 group are shown in Supplementary Table 2.

CMAP, MUNIX and MUSIX in ALS, ALS-Mimics and healthy controls. The analysis of CMAP,
MUNIX and MUSIX of each muscle resulted in significant differences between controls and ALS patients
(p<0.001) and between controls and ALS-Mimics (p=0.002) (Fig. 3A-C). ALS and ALS-Mimics showed no
significant differences between CMAP, MUNIX and MUSIX values, except for CMAP in APB.

The ALS cohort had the smallest medians of all three CMAP and MUNIX values. The MUSIX median of
APB was the highest in the ALS cohort. In TA and ADM muscles the MUSIX median of ALS patients and ALS-
Mimics were nearly the same.

Discussion
In this study we obtained MUNIX parameters in 237 ALS patients. They were analyzed utilizing the D50 disease
progression model which provides distinct quantitative measures of patient’s individual disease. These findings
show that MUNIX measurements in application of the D50 model can serve as a powerful biomarker indicat-
ing individual disease accumulation in patients with ALS independently of individual disease aggressiveness.

In previous MUNIX studies, the decline of the ALSFRS-R was used as a clinical marker for disease pro-
gression-speed'?"1°. However, all these studies assume that disease progression in ALS patients follows a linear
decline. A few studies suggested a nonlinear disease progression in ALS but did not link this assumption to
MUNIX?!-%, Remarkably, in all these studies, the “disease progression” parameter is seen as one composite
marker (of disease aggressiveness and accumulation). In this study, we split this parameter into these two by
applying the D50 disease progression model, thus addressing heterogeneity in a sigmoidal approach.

We demonstrate that MUNIX medians show a significant decline above the rD50 phases. In contrast to
MUNIX in APB, however, a significant difference for MUNIX medians in ADM occurs firstly between Phases
IT and III/IV. This mirrors the “split-hand syndrome” of muscle wasting first appearing in the thenar muscle
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including the APB and affecting the hypothenar muscles like the ADM later in patient’s disease course*'~** and

is in line with findings in prior studies that also found a smaller decline rate in MUNIX ADM comparing to
APB'?", However, the differences in TA between Phase I and III/IV remain non-significant. A reason might be
the small group size in this phase. Within the Phases I and II, there is a slight increase in age with a difference in
median of around 4 years. As increasing age relates to a decline of CMAP and MUNIX?**?, this is a confounder
which must be considered, unless the difference of the medians is very small.

MUNIX can therefore be referred to as a marker for the damage of the disease in LMNs. It should be empha-
sized that the parameter disease accumulation, expressed by rD50 phases, describes a natural number that is
independent of disease aggressiveness. This is fundamentally different from previous “staging systems” such as
the Milano-Torino Staging System (MiToS)** or King’s staging system™, that classify patients into stages from 0
to V, based on the achievement of clinical milestones and the loss of function of key domains of the ALSFRS-R,
respectively. The differences of rD50 phases and staging systems were also presented in previous analyses with
the D50 disease progression model*%.

CMAP of all muscles behaved very similarly to MUNIX during the phases of disease accumulation. This is
not surprising, and this correlation has been shown previously®®. Since we aimed to address the loss of LMNs in
this study, we see the behaviour of CMAP in this context as a supporting component to discuss the conclusions
made with MUNIX, but not as a competing or replacing parameter.

MUSIX of APB and ADM showed also nearly the same significant differences between the different phases as
MUNIX did and behaved reciprocally to it. Interestingly, there were no significant differences in MUSIX of TA.
One reason for this could be the small IQR in Phase I compared to other phases. Although the medians in TA
increased slightly, they remained at the same level especially compared to the increase of the MUSIX medians
in APB with increasing phases. This suggests, since MUSIX is considered a marker of reinnervation'’, a lower
reinnervation rate during increasing disease accumulation in TA compared with APB and ADM.

Remarkably, the MUNIX and MUSIX medians of APB and ADM show no significant differences throughout
the D50 disease aggressiveness subgroups. The significant difference of MUNIX and MUSIX in TA might be an
effect of this cohort as there are more bulbar affected patients in the high aggressiveness subgroup in percentage
terms. There might be a link between bulbar phenotype and faster disease progression® and therefore higher
disease aggressiveness. Taking this into account also the values of TA remain stable through the different disease
aggressiveness levels. In summary, MUNIX parameters turn out to be independent of disease aggressiveness. This
is also supported by the fact that the CMAP analysis showed no significant differences between D50 subgroups
in all muscles. The fact that in TA the differences were also not significant in contrast to MUNIX could be the
result of compensatory reinnervation which could smooth the differences. It is known that the CMAP amplitude
is affected by these reinnervation processes'.

Furthermore, we want to discuss the MUNIX parameters of our ALS cohort in the context of healthy controls
and ALS-Mimics. There are significant differences in all three muscles between controls and ALS patients as well
as between controls and ALS-Mimics, which is in accordance with prior MUNIX studies*!>'. For the diseases of
our ALS-Mimics cohort, few studies with MUNIX exist to date. One study of Philibert et al.*” found significant
differences in MUNIX APB and ADM in patients with multifocal motor neuropathy compared to healthy con-
trols. Nevertheless, MUNIX parameters are not designed as diagnostic biomarkers because of the widespread of
standard deviation of CMAP, MUNIX and MUSIX. In previous studies a wide normal range of these values is also
noted”*~8, Further to this, the differences of ALS and ALS-Mimics are not significant except for CMAP of APB.
However, CMAP and MUNIX of the ALS group were always the smallest. Reasons for non-significance might
be the small sample size of the ALS-Mimics group (n=22) in comparison to the ALS group (n=237) and muscle
atrophies and loss of MUs in the ALS-Mimics group. On the other hand, the lack of a difference was expected
because ALS and ALS-Mimics both suffer from LMN loss. Nevertheless, MUNIX is not formally appropriate to
distinguish ALS from ALS-Mimics based on their initial measurement.

As already explained, in some patients, due to the course of the disease, the minimum values according to
the guidelines, or MUNIX values at all, could not be achieved. To account for the already advanced loss of LMN
function in these cases, values based on the set limits were used. Although the use of MUNIX in CMAP <0.5 mV
is far from ideal, we included the data of low amplitude CMAP to prevent losing ALS patients in advanced disease
stage. Regardless of whether these values are excluded or included in the analysis, the key messages remain the
same. We consider it essential to include these values, as otherwise falsely high medians will result. The decrease
and “drop-out-rate” of MUNIX to a value less than the lower limit of two within the different rD50 phases could
be used as a surrogate parameter in future clinical therapy trials. In this ALS cohort, the percentage of “drop-
out-rate” increases with higher disease accumulation. An effective therapy could decrease this rate and obtain a
higher LMN function over a longer period.

This study is not without limitations. As noted above, controls were 9 years younger compared to ALS patients
and ALS patients in Phase I were also slightly younger than those in Phase II. As MUNIX and CMAP decline with
aging, the age difference should be kept even smaller in future studies to minimize this potential confounding
factor. Furthermore, the group size of ALS-Mimics was small, so these statements should be validated in studies
with larger ALS-Mimics cohorts. It was a single center study and single measurements of MUNIX parameters
were analyzed. Further analyses with longitudinal data are needed to extent these results. One the other hand, a
major advantage of our D50 disease progression model is that longitudinal data, which prolong study duration,
is not mandatory as our model enables quantitative comparisons between different patients as a population
phenomenon in a pseudo-longitudinal approach. The ALSFRS-R depends on the subjective assessment of the
patient, his mood and social environment, on the other hand also on the assessment of the examiner. Neverthe-
less, we can smooth the noise of the ALSFRS-R with the help of the D50 model.

In summary, MUNIX can detect functional LMN loss in application of the D50 disease progression model
in more detail. Thereby, MUNIX reflects disease accumulation already in Phase I independently of disease
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aggressiveness in ALS. The rD50 phase classification, and in particular Phase I, could be used as an inclusion
criterion for future studies, as this early phase probably offers the greatest opportunity to intervene therapeuti-
cally. MUNIX can therefore be considered an important surrogate parameter to detect MU loss.

Data availability
The datasets generated and analyzed during the current study are available from the corresponding author on
reasonable request.

Received: 20 July 2022; Accepted: 6 September 2022
Published online: 26 September 2022

References

1.
2.

3.

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24,

25.

26.

27.

28.

29.

30.

31.

van Es, M. A. et al. Amyotrophic lateral sclerosis. Lancet 390, 2084-2098. https://doi.org/10.1016/S0140-6736(17)31287-4 (2017).
Masrori, P. & Van Damme, P. Amyotrophic lateral sclerosis: A clinical review. Eur. J. Neurol. https://doi.org/10.1111/ene.14393
(2020).

Nandedkar, S. D., Nandedkar, D. S., Barkhaus, P. E. & Stalberg, E. V. Motor unit number index (MUNIX). IEEE Trans. Biomed.
Eng. 51, 2209-2211. https://doi.org/10.1109/TBME.2004.834281 (2004).

. Nandedkar, S. D., Barkhaus, P. E. & Stalberg, E. V. Motor unit number index (MUNIX): Principle, method, and findings in healthy

subjects and in patients with motor neuron disease. Muscle Nerv. 42, 798-807. https://doi.org/10.1002/mus.21824 (2010).

. Nandedkar, S. D., Barkhaus, P. E,, Stalberg, E. V., Neuwirth, C. & Weber, M. Motor unit number index: Guidelines for recording

signals and their analysis. Muscle Nerv. 58, 374-380. https://doi.org/10.1002/mus.26099 (2018).

. Neuwirth, C. et al. Quality control of motor unit number index (MUNIX) measurements in 6 muscles in a single-subject “round-

robin” setup. PLoS ONE 11, e0153948. https://doi.org/10.1371/journal.pone.0153948 (2016).

. de Carvalho, M., Barkhaus, P. E., Nandedkar, S. D. & Swash, M. Motor unit number estimation (MUNE): Where are we now? Clin.

Neurophysiol. 129, 1507-1516. https://doi.org/10.1016/j.clinph.2018.04.748 (2018).

. Fatehi, E, Grapperon, A. M., Fathi, D., Delmont, E. & Attarian, S. The utility of motor unit number index: A systematic review.

Neurophysiol. Clin. 48, 251-259. https://doi.org/10.1016/j.neucli.2018.09.001 (2018).

. Neuwirth, C. et al. Implementing motor unit number index (MUNIX) in a large clinical trial: Real world experience from 27

centres. Clin. Neurophysiol. 129, 1756-1762. https://doi.org/10.1016/j.clinph.2018.04.614 (2018).

Alix, J. J. P. et al. Assessment of the reliability of the motor unit size index (MUSIX) in single subject “round-robin” and multi-centre
settings. Clin. Neurophysiol. 130, 666-674. https://doi.org/10.1016/j.clinph.2019.01.020 (2019).

Bashford, J., Mills, K. & Shaw, C. The evolving role of surface electromyography in amyotrophic lateral sclerosis: A systematic
review. Clin. Neurophysiol. 131, 942-950. https://doi.org/10.1016/j.clinph.2019.12.007 (2020).

Neuwirth, C. et al. Motor unit number index (MUNIX) detects motor neuron loss in pre-symptomatic muscles in amyotrophic
lateral sclerosis. Clin. Neurophysiol. 128, 495-500. https://doi.org/10.1016/j.clinph.2016.11.026 (2017).

Neuwirth, C. et al. Tracking motor neuron loss in a set of six muscles in amyotrophic lateral sclerosis using the motor unit number
index (MUNIX): A 15-month longitudinal multicentre trial. J. Neurol. Neurosurg. Psychiatry 86, 1172-1179. https://doi.org/10.
1136/jnnp-2015-310509 (2015).

Gawel, M. & Kuzma-Kozakiewicz, M. Does the MUNIX method reflect clinical dysfunction in amyotrophic lateral sclerosis: A
practical experience. Medicine (Baltimore) 95, €3647. https://doi.org/10.1097/MD.0000000000003647 (2016).

Grimaldi, S. et al. Global motor unit number index sum score for assessing the loss of lower motor neurons in amyotrophic lateral
sclerosis. Muscle Nerv. 56, 202-206. https://doi.org/10.1002/mus.25595 (2017).

Cedarbaum, J. M. et al. The ALSFRS-R: A revised ALS functional rating scale that incorporates assessments of respiratory function.
BDNF ALS study group (Phase III). J. Neurol. Sci. 169, 13-21. https://doi.org/10.1016/s0022-510x(99)00210-5 (1999).

Poesen, K. et al. Neurofilament markers for ALS correlate with extent of upper and lower motor neuron disease. Neurology 88,
2302-2309. https://doi.org/10.1212/WNL.0000000000004029 (2017).

Steinbach, R. et al. Disease aggressiveness signatures of amyotrophic lateral sclerosis in white matter tracts revealed by the D50
disease progression model. Hum. Brain Mapp. https://doi.org/10.1002/hbm.25258 (2020).

Neuwirth, C., Nandedkar, S., Stalberg, E. & Weber, M. Motor unit number index (MUNIX): A novel neurophysiological technique
to follow disease progression in amyotrophic lateral sclerosis. Muscle Nerv. 42, 379-384. https://doi.org/10.1002/mus.21707 (2010).
Shefner, J. M. et al. A proposal for new diagnostic criteria for ALS. Clin. Neurophysiol. 131, 1975-1978. https://doi.org/10.1016/j.
clinph.2020.04.005 (2020).

Gordon, P. H. et al. Progression in ALS is not linear but is curvilinear. J. Neurol. 257, 1713-1717. https://doi.org/10.1007/s00415-
010-5609-1 (2010).

Franchignoni, E, Mora, G., Giordano, A., Volanti, P. & Chio, A. Evidence of multidimensionality in the ALSFRS-R Scale: A critical
appraisal on its measurement properties using Rasch analysis. J. Neurol. Neurosurg. Psychiatry 84, 1340-1345. https://doi.org/10.
1136/jnnp-2012-304701 (2013).

Thakore, N. J., Lapin, B. R., Pioro, E. P, Pooled Resource Open-Access ALS Clinical Trial Consortium. Trajectories of impairment
in amyotrophic lateral sclerosis: Insights from the pooled resource open-access ALS clinical trials cohort. Muscle Nerv. 57, 937-945.
https://doi.org/10.1002/mus.26042 (2018).

Steinbach, R. et al. Applying the D50 disease progression model to gray and white matter pathology in amyotrophic lateral sclerosis.
Neuroimage Clin. 25, 102094. https://doi.org/10.1016/j.nicl.2019.102094 (2020).

Dreger, M. et al. Cerebrospinal fluid neurofilament light chain (NfL) predicts disease aggressiveness in amyotrophic lateral sclero-
sis: An application of the d50 disease progression model. Front. Neurosci. 15, 651651. https://doi.org/10.3389/fnins.2021.651651
(2021).

Neuwirth, C. et al. Motor unit number index (MUNIX): Reference values of five different muscles in healthy subjects from a
multi-centre study. Clin. Neurophysiol. 122, 1895-1898. https://doi.org/10.1016/j.clinph.2011.05.014 (2011).

Cao, B. et al. Reference values for the motor unit number index and the motor unit size index in five muscles. Muscle Nerv. 61,
657-661. https://doi.org/10.1002/mus.26837 (2020).

Delmont, E. et al. Motor unit number index as an individual biomarker: Reference limits of intra-individual variability over time
in healthy subjects. Clin. Neurophysiol. 131, 2209-2215. https://doi.org/10.1016/j.clinph.2020.06.019 (2020).

Chio, A. et al. Phenotypic heterogeneity of amyotrophic lateral sclerosis: A population based study. J. Neurol. Neurosurg. Psychiatry
82, 740-746. https://doi.org/10.1136/jnnp.2010.235952 (2011).

Brooks, B. R., Miller, R. G., Swash, M. & Munsat, T. L. El escorial revisited: Revised criteria for the diagnosis of amyotrophic lateral
sclerosis. Amyotroph. Lateral Scler. Other Motor Neuron Disord. 1, 293-299. https://doi.org/10.1080/146608200300079536 (2000).
Wilbourn, A. J. The, “split hand syndrome”. Muscle Nerv. 23, 138. https://doi.org/10.1002/(sici)1097-4598(200001)23:1%3c138::
aid-mus22%3e3.0.co0;2-7 (2000).

Scientific Reports |

(2022) 12:15997 | https://doi.org/10.1038/s41598-022-19911-0 nature portfolio


https://doi.org/10.1016/S0140-6736(17)31287-4
https://doi.org/10.1111/ene.14393
https://doi.org/10.1109/TBME.2004.834281
https://doi.org/10.1002/mus.21824
https://doi.org/10.1002/mus.26099
https://doi.org/10.1371/journal.pone.0153948
https://doi.org/10.1016/j.clinph.2018.04.748
https://doi.org/10.1016/j.neucli.2018.09.001
https://doi.org/10.1016/j.clinph.2018.04.614
https://doi.org/10.1016/j.clinph.2019.01.020
https://doi.org/10.1016/j.clinph.2019.12.007
https://doi.org/10.1016/j.clinph.2016.11.026
https://doi.org/10.1136/jnnp-2015-310509
https://doi.org/10.1136/jnnp-2015-310509
https://doi.org/10.1097/MD.0000000000003647
https://doi.org/10.1002/mus.25595
https://doi.org/10.1016/s0022-510x(99)00210-5
https://doi.org/10.1212/WNL.0000000000004029
https://doi.org/10.1002/hbm.25258
https://doi.org/10.1002/mus.21707
https://doi.org/10.1016/j.clinph.2020.04.005
https://doi.org/10.1016/j.clinph.2020.04.005
https://doi.org/10.1007/s00415-010-5609-1
https://doi.org/10.1007/s00415-010-5609-1
https://doi.org/10.1136/jnnp-2012-304701
https://doi.org/10.1136/jnnp-2012-304701
https://doi.org/10.1002/mus.26042
https://doi.org/10.1016/j.nicl.2019.102094
https://doi.org/10.3389/fnins.2021.651651
https://doi.org/10.1016/j.clinph.2011.05.014
https://doi.org/10.1002/mus.26837
https://doi.org/10.1016/j.clinph.2020.06.019
https://doi.org/10.1136/jnnp.2010.235952
https://doi.org/10.1080/146608200300079536
https://doi.org/10.1002/(sici)1097-4598(200001)23:1%3c138::aid-mus22%3e3.0.co;2-7
https://doi.org/10.1002/(sici)1097-4598(200001)23:1%3c138::aid-mus22%3e3.0.co;2-7

www.nature.com/scientificreports/

32. Eisen, A. & Kuwabara, S. The split hand syndrome in amyotrophic lateral sclerosis. J. Neurol. Neurosurg. Psychiatry 83, 399-403.
https://doi.org/10.1136/jnnp-2011-301456 (2012).

33. Corcia, P. et al. Split-hand and split-limb phenomena in amyotrophic lateral sclerosis: Pathophysiology, electrophysiology and
clinical manifestations. J. Neurol. Neurosurg. Psychiatry 92, 1126-1130. https://doi.org/10.1136/jnnp-2021-326266 (2021).

34. Chio, A., Himmond, E. R., Mora, G., Bonito, V. & Filippini, G. Development and evaluation of a clinical staging system for amyo-
trophic lateral sclerosis. J. Neurol. Neurosurg. Psychiatry 86, 38-44. https://doi.org/10.1136/jnnp-2013-306589 (2015).

35. Roche, J. C. et al. A proposed staging system for amyotrophic lateral sclerosis. Brain 135, 847-852. https://doi.org/10.1093/brain/
awr351 (2012).

36. Bostock, H., Jacobsen, A. B. & Tankisi, H. Motor unit number index and compound muscle action potential amplitude. Clin.
Neurophysiol. 130, 1734-1740. https://doi.org/10.1016/j.clinph.2019.05.031 (2019).

37. Philibert, M., Grapperon, A. M., Delmont, E. & Attarian, S. Monitoring the short-term effect of intravenous immunoglobulins in
multifocal motor neuropathy using motor unit number index. Clin. Neurophysiol. 128, 235-240. https://doi.org/10.1016/j.clinph.
2016.11.012 (2017).

Acknowledgements
The authors are grateful to all participants to collaborate to this study. We extend our thanks to Mandy Arnold,
Ann-Kathrin Klose and Cindy Hoepfner for continuous assessment and patient care.

Author contributions

Conception and design of the study: T.E., A.R,, B.S,, ].G.; Data curation: ].G., B.S., T.E., A.R., R.S.; Electro-
physiological measurements: M.A. and A.T.; Statistical analysis and interpretation of data: T.E., A.R., B.S., ].G,;
Hlustrations: T.E. and A.R.; Manuscript writing: T.E. and A.R.; Revising and final approval of the version to be
submitted: all authors; Funding acquisition: J.G. and O.W.; Project administration and supervision: J.G.; Final
approval of the version to be published: all authors; All authors gave final approval of the version to be submit-
ted and agree to be accountable for all aspects of the work in ensuring that questions related to the accuracy or
integrity of any part of the work are appropriately investigated and resolved.

Fundin

Open Accgess funding enabled and organized by Projekt DEAL. Support for this study was received from the
Motor Neurone Disease Association (MNDA) and Deutsche Gesellschaft fuer Muskelkranke (DGM). AR and RS
are supported by the Deutsche Forschungsgemeinschaft (DFG) with a clinician scientist program [413668513]
and funding was also provided by the Interdisciplinary Center of Clinical Research of the Medical Faculty Jena.
Support was received from the German Ministry for Education and Research (BMBF) through the JPND Grants
SOPHIA (01ED1202B) and ONWebDUALS (01ED15511A), the E-RARE Grant PYRAMID (01GM1304) and
support from the Boris Canessa foundation to JG.

Competing interests
The authors declare no competing interests.

Additional information
Supplementary Information The online version contains supplementary material available at https://doi.org/
10.1038/s41598-022-19911-0.

Correspondence and requests for materials should be addressed to A.R.
Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International

o License, which permits use, sharing, adaptation, distribution and reproduction in any medium or
format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the
Creative Commons licence, and indicate if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the
material. If material is not included in the article’s Creative Commons licence and your intended use is not
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from
the copyright holder. To view a copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.

© The Author(s) 2022

Scientific Reports |

(2022) 12:15997 | https://doi.org/10.1038/s41598-022-19911-0 nature portfolio


https://doi.org/10.1136/jnnp-2011-301456
https://doi.org/10.1136/jnnp-2021-326266
https://doi.org/10.1136/jnnp-2013-306589
https://doi.org/10.1093/brain/awr351
https://doi.org/10.1093/brain/awr351
https://doi.org/10.1016/j.clinph.2019.05.031
https://doi.org/10.1016/j.clinph.2016.11.012
https://doi.org/10.1016/j.clinph.2016.11.012
https://doi.org/10.1038/s41598-022-19911-0
https://doi.org/10.1038/s41598-022-19911-0
www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/

	Motor unit number index (MUNIX) in the D50 disease progression model reflects disease accumulation independently of disease aggressiveness in ALS
	Materials and methods
	Participants and methods. 
	The D50 disease progression model. 
	Statistical analysis. 

	Results
	Participant characteristics. 
	MUNIX parameters reflect disease accumulation. 
	MUNIX parameters show independence of disease aggressiveness. 
	CMAP, MUNIX and MUSIX in ALS, ALS-Mimics and healthy controls. 

	Discussion
	References
	Acknowledgements


