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« Hand muscle denervation was studied in adult spinal muscular atrophy (SMA) patients with MUNIX.

« Adult SMA patients had a pathophysiological remarkable denervation pattern of hand muscles, a ‘re-
versed split hand’.

« MUNIX is a biomarker for upcoming questions in adult SMA.
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Objective: There is still insufficient knowledge about natural history in adult spinal muscular atrophy,
thus valid markers for treatment and disease monitoring are urgently needed.
Methods: We studied hand muscle innervation pattern of 38 adult genetically confirmed 5q spinal mus-
cular atrophy (SMA) patients by the motor unit number index (MUNIX) method. Data were compared to
healthy controls and amyotrophic lateral sclerosis (ALS) patients and systematically correlated to typical
disease-relevant scores and other clinical as well as demographic characteristics.
Results: Denervation of hand muscles in adult SMA was not evenly distributed. By calculation of the
MUNIX ratios, we identified a specific hand muscle wasting pattern for SMA which is different to the split
hand in ALS. Furthermore, MUNIX parameters strongly correlated with established disease course param-
eters independent of disease stages.
Conclusion: We found a pathophysiological remarkable denervation pattern of hand muscles, a ‘reversed
split hand’. MUNIX of single hand muscles correlated well with disease severity and thus represents an
easily available biomarker for adult SMA.
Significance: Our data show the power of the MUNIX method as a biomarker for upcoming questions in
adult SMA.
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1. Introduction

5q spinal muscular atrophy (SMA) is a monogenetic, autosomal-
recessive, lower motoneuron disease caused by deletion or muta-
tion of SMNT (survival of motoneuron 1) which results in reduced
expression of full-length SMN protein. Although no systematic
data exist on treatment effects in adult SMA patients, the
antisense-oligonucleotide Nusinersen was recently approved by
the FDA and EMA as a disease modifying drug for SMA patients,
including adults (Mercuri et al., 2018). As only limited data are
available on adult SMA and because adult SMA include clinical
stages from slightly to severely affected, reliable determination of
disease progression, definition of treatment goals and establish-
ment of suitable disease (progression) biomarkers are needed for
a comprehensive high quality health care.

Because hand muscle function is relatively spared, the patho-
physiological involvement of the SMA hand is of great interest
for clinicians and patients especially in advanced disease states.
In children, several electrophysiological quantifications were pub-
lished: Motor Unit Number Estimation (MUNE) and compound
muscle action potential (CMAP) records were used (Kaufmann
et al.,, 2012, Gawel et al., 2015, Kolb et al., 2016). To the best of
our knowledge motor unit number index (MUNIX) was not inves-
tigated in adult SMA patients so far. MUNIX is a non-invasive, elec-
trophysiological method combining neurography and surface
electromyography to estimate the remaining number of motor
units. This method has a good reliability and validity to monitor
loss of motor units (Neuwirth et al., 2010, Neuwirth et al., 2011,
Neuwirth et al., 2018).

The aim of the current study was to examine the functional
motor units of the SMA hand muscles and to explore this method
as a tool to monitor disease progression in adult SMA.

2. Methods
2.1. Participants and assessments

We analyzed data from genetically confirmed, yet untreated
patients with SMA type 2 (SMAII) and SMA type 3 (SMAIII),
patients with sporadic amyotrophic lateral sclerosis (ALS) accord-
ing to the revised El Escorial criteria and healthy controls (for
details see Table 1). Patients with clinical signs of carpal tunnel
syndrome, ulnar nerve entrapment or polyneuropathy were not
included. Data were collected from three different centers with
expertise in motoneuron diseases: Dresden (Germany), Gottingen

Table 1

Demographic and clinical characteristics of study populations. Amyotrophic
lateral sclerosis functional rating scale revised (ALSFRS-R), revised upper limb
module (RULM), Hammersmith functional motor scale extended (HFSME).

Control ALS SMA
Total patient number 24 65 38
Datasets of APB/ADM/FDI 24/[24/24 59/65/22 38/36/36
Ratio of females in % 58.3 41.5 44.7
Age in years 394+11.7 61.8+10.8 349+11.6
Subtype at onset (n) - bulbar(23) SMA Il (11)
spinal (42) SMA 111 (27)
SMN2 copy number (n) - - 2 copies (1)
3 copies (13)
4 copies (11)
Unknown (13)
ALSFRS-R (range) - 36 (14-48) 33 (20-44)
HFMSE (range) - - 16 (0-41)
RULM (range) - - 23 (6-37)

(Germany), St.Gallen (Switzerland). For MUNIX and motor unit size
index (MUSIX) generation we used the same methodology as pre-
viously described (Nandedkar et al., 2018). All raters were exten-
sively trained by C.N. and M.W. All patients gave their informed
consent and study approval was obtained by the local ethics com-
mittees (EK393122012; 10/2/17; EKSG 09/108/1B).

2.2. Statistical analysis

As the samples were not normally distributed by calculation
with Shapiro-Wilk test, statistical comparisons of data between
groups were made using the non-parametric Kruskal-Wallis-
ANOVA followed by a post-hoc test with Bonferroni adjustment.
Spearman rank correlation coefficients were used to examine cor-
relations with a correlation coefficient of R < 0.3 considered as a
weak, R=0.3-0.59 a moderate, and R > 0.6 a strong correlation.
Data were analyzed using the software programs Statistica 13.2
[StatSoft (Europe) GmbH, Hamburg, Germany] and for calculation
of receiver operating characteristics (ROC) the software program
SPSS statistics 25 (SPSS Inc., Chicago, IL, USA). If not mentioned
otherwise, all data are displayed as means * SD. Significance level
was set at p < 0.05.

3. Results
3.1. Demographic and clinical characteristics

The MUNIX parameters CMAP, MUNIX and motor unit size
index (MUSIX) of the right hand of 24 controls, 65 ALS and 38
SMA patients were analyzed and compared. Demographic and clin-
ical characteristics of the study populations are shown in Table 1.
SMA and controls do not differ regarding sex (p=0.37) and age
(p=0.24).

3.2. Characteristics of hand muscle denervation in adult SMA

Abductor pollicis brevis muscle (APB): CMAP and MUNIX were
significantly reduced in SMA (CMAP: 8.1+29mV, p<0.05;
MUNIX: 103.1+63.1, p<0.001) compared to controls (CMAP:
10.5 + 2.3 mV; MUNIX: 184.8 + 52.3). However, CMAP and MUNIX
of SMAIIl (CMAP: 93+22mV, p=1.0; MUNIX: 132.1+50.9,
p = 0.18) did not significantly differ to controls while SMAII (CMAP:
52+23mV, p<0.001; MUNIX: 31.6+14.4, p<0.0001) had
severely reduced values. MUSIX was significantly increased in
SMA (111.8 £79.7, p < 0.0001) compared to controls (58.1 + 8.7).

Abductor digiti minimi muscle (ADM): CMAPs and MUNIX val-
ues were strongly decreased in SMA (CMAP: 5.2+4.0mV,
p <0.0001; MUNIX: 49.2 + 44.1, p < 0.0001), including both SMAIII
(CMAP: 6.7 +3.7, p < 0.0001; MUNIX: 61.3 +44.6, p <0.0001) and
SMAIl (CMAP: 13+0.7, p<0.0001; MUNIX: 129+7.0,
p <0.0001), compared to controls (CMAP: 11.8 £1.9; MUNIX:
183.3 £40.6). In two patients of SMAII denervation process was
advanced to a degree that we could not detect a sufficient CMAP
of the ADM. MUSIX of ADM was significantly higher in SMA
(116.5+44.8, p <0.0001) compared to controls (65.8 + 10.8).

First dorsal interosseous muscle (FDI): FDI was strongly
affected in SMA (CMAP: 6.0+5.0; MUNIX: 65.7+£56.0,
p <0.0001), including both SMAIIl (CMAP: 7.8 +5.0, p <0.0001;
MUNIX: 85.4+56.4, p<0.0001) and SMAIl (CMAP: 1.9+0.9,
p <0.0001; MUNIX: 21.1 £13.5, p <0.0001), compared to controls
(CMAP: 18.2 £3.7; MUNIX: 293.0 + 61.8). FDI MUSIX was signifi-
cant higher in SMA (97.5 £ 35.8, p <0.0001) compared to controls
(63.3 £12.6). For summary see Fig. 1.
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Fig. 1. Characteristics of hand muscle denervation and the reverse split hand in SMA. Depicted are histograms of CMAP (A), MUNIX (B) and MUSIX (C) of APB, ADM, FDI of
controls, all SMA (SMA), and subgroups of only SMA type 3 (SMAIII) and only SMA type 2 (SMAII). The ratio of APB/ADM MUNIX shows the relation between ADM and APB
MUNIX and indicate the split hand pattern in ALS and a reversed split hand pattern in SMA (D). The ‘Split Hand Index (SIMUNIX)' ((APB MUNIX x FDI MUNIX)/ADM MUNIX)
separate ALS from controls, but not from SMA (E). The ‘Preserved Thenar Index’ (APB MUNIX/(ADM MUNIX + FDI MUNIX)) differentiate SMA patients from controls and ALS
(F). (D),(E),(F) are depicted as box plots with raw data (one dot represents one patient). Receiver-operator characteristic (ROC) curves for the diagnosis of SMA versus controls
(G) and versus ALS (H). Representative examples of a healthy control with normal hand pattern and intact function, the ALS palm with thenar atrophy and loss of abductor
function as well as the SMA palm with relatively preserved thenar muscle volume and preserved abductor function (I). *p < 0.0001, “p < 0.001, “p < 0.01, p < 0.05, not
significant (n.s.).
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3.3. Selective vulnerability of hand muscles in adult SMA - the “reverse
split hand”

The MUNIX split hand index (SIMUNIX = (APB * FDI)JADM) was
established to be a diagnostic tool to discriminate ALS from healthy
controls as well as disease mimics and quantifies the pronounced
loss of the APB and FDI motor units in relation to the relatively well
preserved ADM (Menon et al., 2013, Kim et al., 2016). Motor unit
loss in hand muscles in adult SMA was not evenly distributed and
seemed to be reversed compared to the pattern in ALS. While in
controls, APB and ADM had the same amount of motor units
(1.0 £ 0.3), this ratio was significantly different in SMA (3.9 +5.5)
and ALS (0.8 £0.4) displaying a diametrical pattern (p < 0.0001)
(Fig. 1D). By calculating the split hand index (SIMUNIX), the ALS
group (82.9 £70.4) could be separated very well from controls
(305.3+119.3, p<0.0001), but has only a weak difference to
SMA (253.6 £433.2, p<0.05) (Fig. 1E). By calculating the ‘Pre-
served Thenar Index’ (APB MUNIX/(FDI MUNIX + ADM MUNIX)),
SMA (1.2+0.8) showed a highly significant difference to ALS
(0.3+0.1, p<0.0001) and controls (0.4 £ 0.1, p <0.0001). A cutoff
value of 0.49 differentiated SMA from controls as well as ALS with
a sensitivity and specificity over 90% (Fig. 1F-H). The ‘Preserved
Thenar Index’ calculated with CMAP values (APB CMAP/(FDI
CMAP + ADM CMAP)) showed a lower performance in diagnostic
accuracy for discrimination of the groups, the area under the curve
(AUC) for CMAP-‘Preserved Thenar Index’ (SMA versus controls:
AUC 0.91; SMA versus ALS: AUC 0.95) was lower in comparison
to AUC for MUNIX-‘Preserved Thenar Index’ (SMA versus controls:
AUC 0.97; SMA versus ALS: AUC 0.99).

3.4. MUNIX reflect disease severity in patients suffering from SMA

As there is no consensus about a valid score of severity in adult
SMA, we surveyed the well known amyotrophic lateral sclerosis

Table 2

functional rating scale revised (ALSFRS-R), the SMA specific tests
Hammersmith functional motor scale expanded (HFMSE) and
revised upper limb module (RULM), hand muscle strength with a
hand dynamometer and forced vital capacity (FVC) with a spirom-
eter in a subgroup of SMA patients. Spearman rank correlation
coefficients between the scores, clinical parameters, demographic
parameters and the MUNIX parameters are shown in Table 2.
MUNIX of APB and FDI showed strong, MUNIX of ADM moderate
correlations to the disease scores (ALSFRS-R, HFMSE, RULM) and
hand muscle strength. FVC correlated strongly to FDI MUNIX and
moderate to APB and ADM MUNIX. Age only moderately correlated
to ADM MUNIX while no correlations to FDI MUNIX or APB MUNIX
were found. BMI did not correlate to MUNIX parameters. To
include all MUNIX data of APB, ADM and FDI in one value, we cal-
culated the sum (Sum MUNIX). Sum MUNIX strongly correlated to
ALSFRS-R, HFMSE, RULM and hand muscle strength and
moderately to FVC. The Preserved Thenar Index did not show any
correlations to the disease scores, clinical parameter and
demographic parameters. APB MUNIX and APB CMAP (N =38,
R=0.82, p<0.0001), ADM MUNIX and ADM CMAP
(N =36, R=0.94, p<0.0001) as well as FDI MUNIX and FDI CMAP
(N =36, R=0.94, p <0.0001) correlated strongly with each other.

4. Discussion

Our study has two remarkable results. First, adult SMA patients
suffer from a ‘reversed split hand’ phenomenon, which discrimi-
nates SMA from ALS and controls with a high sensitivity and speci-
fity. Interestingly, this phenomenon was also seen in clinically less
affected hand muscles and did not correlate with disease progres-
sion rendering it an ideal diagnostic tool. Second, MUNIX of single
hand muscles correlated well with disease severity and thus repre-
sents an easily available biomarker for adult SMA, still valid when

Correlations of CMAP, MUNIX and MUSIX data to clinical and demographic characteristics of SMA. Spearman rank correlation coefficients with R < 0.3
considered as a weak, R = 0.3-0.59 a moderate, and R > 0.6 a strong correlation. Body mass index (BMI), forced vital capacity (FVC), amyotrophic lateral
sclerosis functional rating scale revised (ALSFRS-R), revised upper limb module (RULM), Hammersmith functional motor scale expanded (HFSME). Number
of patients (N), "'p <0.0001, “"p <0.001, “"p <0.01, p < 0.05, not significant (n.s.).

APB ADM FDI APB ADM FDI Sum APB ADM FDI "'Te:e"’ed
CMAP cMAP CMAP | MUNIX | MUNIX | MUNIX | MUNIX | MUSIX | MUSIX | MUSIX Inz:i'
0.34 0.39
N=38; N=36; N=38; N=36; N=34; N=38; N=36; N=36; N=34;
Age N=36; N=36;
n.s. n.s. n.s. n.s. n.s. n.s. n.s. n.s. n.s.
P<0.05 P<0.05
BMI N=20; N=20; N=20; N=20; N=20; N=20; N=20; N=20; N=20; N=20; N=20;
n.s. n.s. n.s. n.s. n.s. n.s. n.s. n.s. n.s. n.s. n.s.
0.67; 0.60; 0.46; 0.58; 0.65; 0.59 -0.42;
N=26; N=26; N=26; N=26;
FVC N=26; N=26; N=26; N=26; N=26; N=26 N=26;
n.s. n.s. n.s. n.s.
p<0.001 p<0.01 p<0.05 p<0.01 p<0.001 p<0.01 p<0.05
0.62; 0.69; 0.67; 0.77; 0.57; 0.65; 0.70 -0.75;
N=29; N=31; N=29;
ALSFRS-R N=31; N=30; N=31; N=31; N=29; N=31; N=29; N=31;
n.s. n.s. n.s.
p<0.001 | p<0.0001 | p<0.0001 | p<0.0001 p<0.01 p<0.0001 | p<0.0001 | p<0.0001
0.61; 0.84; 0.81; 0.80; 0.57; 0.86; 0.83; -0.58;
N=20; N=20; N=20;
HFMSE N=20; N=20; N=20; N=20; N=20; N=20; N=20; N=20;
n.s. n.s. n.s.
p<0.01 p<0.0001 p<0.0001 | p<0.0001 p<0.01 p<0.0001 p<0.0001 p<0.01
0.52; 0.71; 0.73; 0.77; 0.81; 0.77; -0.64;
N=20; N=20; N=20; N=20;
RULM N=20; N=20; N=16; N=20; s N=20; N=20; N=20; s s s
p<0.05 p<0.001 | p<0.001 | p<0.0001 ~ p<0.0001 | p<0.0001 | p<0.01 = = -
Hand 0.66; 0.78; 0.84; 0.87; 0.56; 0.90; 0.88; -0.74;
N=18; N=18; N=18;
muscle N=18; N=18; N=18; N=18; N=18; N=18; N=18; N=18; s s s
strength p<0.01 p<0.001 p<0.0001 | p<0.0001 p<0.05 p<0.0001 p<0.0001 p<0.001 ’
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classical SMA scores loose its feasibility because of severity of
symptoms.

Motor unit loss of hand muscles is present in adult SMA
patients from slightly to severely affected individuals. The most
affected muscle in SMA was the FDI, followed by the ADM. Inter-
estingly the APB was relatively well preserved. For ALS a typical
‘split hand’ phenomenon is well known and comprises the weak-
ness of the thenar/FDI group while the hypothenar group is rela-
tively spared. It is speculated that this phenomenon is due to the
cortical representation of ALS pathology (Weber et al.,, 2000,
Eisen et al., 2017). In contrast, we observed a reversed pattern in
adult SMA patients, a ‘reverse split hand’. We showed that FDI
and ADM were much more impaired than the APB and that the
‘Preserved Thenar Index’ can discriminate the pattern of SMA from
ALS and controls with a high sensitivity and specifity. Whether this
index is unique for SMA or rather a general pattern of lower
motoneuron diseases has to be further evaluated. All of the mea-
sured hand muscles are innervated from the same cervical spinal
cord segments (C7-TH1), but the controlling motoneuron somas
are organized in different motoneuron pools. These motoneuron
pools are maybe disease selective vulnerable, e.g. due to the devel-
opmental patterning of morphogenetic cues (Maden, 2006).

A better diagnostic accuracy for MUNIX in comparison to CMAP
concerning calculation of the Split hand index in ALS was already
shown by Kim et al. (Kim et al., 2016). The diagnostic accuracy of
the ‘Preserved thenar index’ calculated by MUNIX revealed a better
performance in comparison to CMAP in our study also, supporting
its methodical power.

MUNIX of the hand muscles strongly correlated with validated
disease scores. Therefore, MUNIX values of the hand muscles
reflect well the overall disability and state of disease progression
in adult SMA. The phenotypical variety in adult SMA range from
mild with moderate disabilities in daily life to very severe with
the need of a 24 hour assistant support. This means, that disease
progression and or treatment effects in severely affected patients
can - if at all - only be monitored by RULM and not with HFMSE
or 6-minute walk test. Furthermore, mild affected patients can
score full points in these scores disabling their use as progression
biomarker in those. This phenotypic diversity makes it difficult to
monitor disease progression in adult SMA patients. One clinical
phenomenon in SMA is the vulnerability of proximal muscles and
the clinically relatively preserved hand function. However, we
show that motor unit loss is already present in clinically unaffected
hand muscles and motor unit numbers of hand muscles can still be
recorded also in very progressed disease stages. Monitoring motor
units of hand muscles with MUNIX might therefore be a promising
disease progression marker allowing to include many adult
patients. The higher sensitivity of MUNIX in comparison to other
established disease scores like ALSFRS-R and manual muscle test-
ing was already shown for patients with ALS (Neuwirth et al.,
2017), additionally underpinning its strength. Finally, in contrast
to most of the currently recommanded disease scores, MUNIX is
a patient unbiased method.

Longitudinal studies are needed to assess whether measuring
one muscle - and if which one - or which of the measures pre-
sented turn out to be the best biomarker. Furthermore, systematic
comparison of different techniques estimating motor unit numbers
(e.g. MUNE versus MUNIX) in adult SMA are needed.

Taken together, reading the patient’s palm with MUNIX might
be an unbiased, valid tool for early differential diagnosis and dis-
ease progression monitoring in adult SMA patients. This easy-to-
use, well-tolerated method may help to better understand natural
history and increase the quality in patient-individualized medical
guidance of adult SMA patients and give new insights of motoneu-
ron disease pathophysiology.
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