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TherapeuTic advances in 
neurological disorders

Introduction
5q-associated spinal muscular atrophy (SMA) is 
an autosomal-recessive motor neuron disorder, 
clinically characterized by muscle weakness and 
atrophy caused by degeneration of alpha motor 
neurons due to a homozygous deletion or muta-
tion in the survival motor neuron 1 (SMN1) gene. 
SMN1 is located on chromosome 5q13 and is one 
of two genes encoding the SMN protein.1,2 The 
incidence of SMA in Europe is about 1/10,000 
livebirths with a carrier frequency of 1/50.3 Based 

on the onset of clinical symptoms, the achieve-
ment of motor milestones, and life expectancy, 
SMA is divided into four subtypes (SMA type 
0–4) according to the International SMA 
Consortium. Within the three main types (SMA 
type 1–3), SMA type 1 (Werdnig–Hoffmann dis-
ease) represents the infantile and thus most severe 
form, while SMA types 2 and 3 (Kugelberg–
Welander disease) are defined as late-onset forms 
and are characterized by intermediate (SMA type 
2) or mild (SMA type 3) types of progression. In 
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Abstract
Background: This prospective study investigates the pattern of pareses in 5q-associated 
spinal muscular atrophy (SMA) to identify disease-specific characteristics and potential 
differences from amyotrophic lateral sclerosis (ALS) and spinobulbar muscular atrophy 
(SBMA). Detailed knowledge about pareses patterns in SMA facilitates differential diagnosis 
and supports therapeutic monitoring.
Methods: Between January 2021, and June 2021, 66 SMA patients (59.1% male, aged 
33.6 ± 15.2 years) were included in the study. Most patients had SMA type II (n = 28) or SMA type 
III (n = 28), seven patients had SMA type I, and three patients had SMA type IV. We analyzed the 
pattern of pareses using the UK Medical Research Council (MRC) scoring system.
Results: In both, upper and lower limbs muscle weakness was less pronounced in distal 
(upper limbs: MRC median 3.0 (interquartile range 1.5–3.5); lower limbs: 1.5 (0.5–3.0)) 
compared to proximal muscle groups (upper limbs: 2.0 (1.5–2.6); p < 0.001; lower limbs: 0.5 
(0.5–1.5); p < 0.001). Thenar muscles were stronger than other small hand muscles (3.0 (2.0–
3.5) vs 3.0 (1.5–3.5); p = 0.004). Muscles had more strength in upper (2.3 (1.5–3.1)) compared to 
lower limbs (1.1 (0.5–2.3); p < 0.001) and in flexors compared to extensors.
Conclusion: We identified a specific pattern of muscle paresis in SMA which is different from 
the pattern of paresis in ALS and SBMA. As a rule of thumb, the pattern of pareses is similar, 
but not identical to ALS in distal, but different in proximal muscle groups.
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SMA type 4, muscle weakness begins in the sec-
ond or third decade of life.4

The severity of SMA phenotypes is determined 
primarily by the number of survival motor neuron 
2 (SMN2) gene copies.5

Nusinersen, the first approved drug treatment 
option for SMA is an antisense oligonucleotide 
that increases SMN protein expression via modifi-
cation of the splicing process of the pre-mRNA of 
SMN2.6–8 Risdiplam is a small molecule and oral 
medication acting in a similar way.9,10 Onase-
mnogene abeparvovec-xioi is a gene replacement 
therapy which comprises an adeno-associated viral 
vector with the human SMN1 gene.11–14

The application of these  disease-modifying treat-
ment (DMT) leads to considerable improve-
ments of muscle strength and motor function in 
SMA patients as demonstrated by clinical trials 
and real-world data.14–20 These effects are partic-
ularly evident in SMA patients treated early or 
presymptomatically,20,21 which has led to the 
implementation of SMA into newborn screening 
in many countries.22 The emergence of new SMA 
phenotypes under these therapeutic options is to 
be expected.23

The knowledge of a specific pattern of pareses is 
essential to better classify and monitor therapy-
associated changes in motor function. It facili-
tates the differential diagnosis of SMA versus 
amyotrophic lateral sclerosis (ALS) and other 
motor neuron diseases in adults, for example, 
spinobulbar muscular atrophy (SBMA). 
Therefore, it was the goal of this study to deter-
mine the pattern of paresis in SMA and compare 
the results with ALS and SBMA.

Methods

Patients
Sixty-six patients were prospectively examined 
between January 2021 and June 2021 at the 
Department of Neurology of Ulm, University 
Hospital (Germany).

All patients had a genetically confirmed 5q-asso-
ciated SMA with a homozygous deletion of exons 
7, 8, or both, or with compound heterozygous 
mutations. The study was approved by the Ethics 
Committee of Ulm University (No. 19/12). 

Informed written consent was provided by all 
patients or their legal representative.

Measurement of muscle weakness
Muscle strength was measured by the Medical 
Research Council (MRC) scale.24,25 The MRC is a 
standard scale for the quantification of muscle 
strength and has been used as a validated tool in a 
wide variety of clinical studies. Muscle strength is 
evaluated on a scale between 0/5 (no contraction), 
1/5 (flicker or trace of contraction), 2/5 (active 
movement with gravity eliminated), 3/5 (active 
movement against gravity), 4/5 (active movement 
against moderate resistance), and 5/5 (full strength).

Muscle strength was evaluated in eight prede-
fined muscle groups of upper and lower limbs, 
including elbow flexors and extensors, hand flex-
ors and extensors, knee extensors and flexors, and 
foot elevators and flexors. Due to the high inci-
dence of deformities and contractures preventing 
proper examination, muscle groups of shoulder 
and pelvic girdle were not tested.

Statistics
For descriptive statistics, median and interquar-
tile range (IQR) are given. For comparison of 
muscle groups, a two-step procedure was applied: 
First, differences between corresponding muscle 
groups on the right and left side of each limb were 
analyzed using the two-sided sign test. As this 
first step showed no significant differences 
between the right and left sides for all muscle 
groups, MRC measurements from both sides 
were pooled and analyzed collectively. Sub-
sequently, the two-sided sign test was used to 
analyze differences between muscle groups. To 
investigate the differences between SMA types I, 
II, and III across various muscle groups, the 
Mann–Whitney U test was used. A result was 
considered as significant if the p-value was <0.05 
(two-sided). Statistical analyses were performed 
using SPSS, version 26 (IBM Corp. Released 
2019. IBM SPSS Statistics for Windows, Version 
26.0. Armonk, NY: IBM Corp).

Results
Sixty-six patients (59.1% male, aged 33.6 ±  
15.2 years) were included. A total of 10.6% of 
patients were classified as SMA type 1, 42.4% 
type 2, 42.4% type 3, and 4.5% type 4. 6.4% had 
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two copies of the SMN2 gene, 63.8% had three 
copies, 27.7% had four copies, and 2.1% had 
only one copy. Fifty-four patients (81.8%) were 
treated with nusinersen and 12 patients (18.2%) 
with risdiplam. For a summary of patient charac-
teristics see Table 1.

In some patients, certain muscle groups retained 
full strength (MRC grade 5). Elbow flexors, hand 
flexors, and hand extensors (in at least one arm) 
showed full strength in 12.1% of the patients, fol-
lowed by foot flexors (5.3%), foot elevators 
(3.8%), knee extensors (2.3%), elbow extensors 
(1.5%), and knee flexors (0.8%).

Median and range of MRC scores obtained in dif-
ferent muscle groups are shown in Figure 1.

Elbow flexors (3.0 (2.0–3.0)) were stronger than 
elbow extensors (1.0 (0.0–2.0); p < 0.001), the 
same was true for hand flexors (3.0 (2.0–3.8)) if 
compared with hand extensors (3.0 (1.0–3.0); 
p = 0.004). Overall, hand muscles (3.0 (1.5–3.5)) 
were stronger than elbow muscles (2.0 (1.5–2.7); 
p < 0.001).

Finger flexors (3.0 (2.0–4.0)) were stronger than 
finger extensors (3.0 (1.0–3.0); p < 0.001) and 
thumb flexors (3.0 (3.0–4.0)) were stronger than 
thumb extensors (3.0 (1.0–3.0); p < 0.001). 
Overall, thumb muscles were stronger than 

muscles other fingers (3 (2.0–3.5) vs 3 (1.5–3.5); 
p = 0.004).

Knee flexors (1.0 (1.0–2.0)) were stronger than 
knee extensors (0.0 (0.0–1.0)); p < 0.001), and 
foot flexors (2.0 (2.0–3.0)) were stronger than 
foot elevators (1.0 (0.0–3.0); p = 0.001). Foot 
muscles (1.5 (0.5–3.0)) were stronger than 
knee muscles (0.5 (0.5–1.5); p < 0.001). On 
average, upper limbs (2.3 (1.5–3.1)) were 
stronger than lower limbs (1.1 (0.5–2.3); 
p < 0.001). In summary, compared to ALS, the 
pattern of pareses was similar in distal muscle 
groups, but opposite in proximal muscle groups 
(Figure 2). In SMA, lower extremities, proxi-
mal muscle groups, and extensors are predomi-
nantly affected (Figure 3).

The descriptive analysis of muscle group data for 
types I, II, and III of SMA showed that all SMA 
types shared a specific pattern of muscle weak-
ness. Strength levels were lowest in SMA I, fol-
lowed by SMA II, and were highest in SMA III 
(SMA I, II, and III; see Table 2). Significant dif-
ferences in muscle strength were found in multi-
ple areas. For the elbow, knee, hand, and foot 
muscles, strength was generally lower in SMA I 
compared to SMA II and III, and also lower in 
SMA II compared to SMA III, with statistical sig-
nificance in most comparisons (p-values ranging 
from <0.001 to <0.02).

Table 1. Patient characteristics.

Total SMA 1 SMA 2 SMA 3 SMA 4

N 66 7 28 28 3

Sex (% male) 59.1 42.9 57.1 64.3 66.7

Age (years, mean ± SD) 33.6 (±15.2) 17.9 (±4.5) 26.4 (±11.3) 43.0 (±13.6) 49.0 (±9.6)

Copies of SMN2 2–3 2–4 2–5 4

Nusinersen (N, %) 54 (81.8%) 5 (7.6%) 20 (30.3%) 26 (39.4) 3 (4.6%)

Risdiplam (N, %) 12 (18.2%) 2 (3.0%) 8 (12.1%) 2 (3.0%) 0

HFMSE (median, range) 2 (0–19) 13 (2–66) 58 (58–62)

CHOP INTEND (median, range) 11 (3–25) 29 (1–39)  

6 min walking test in meters 
(median, range)

510 (353–690) 565 (556–648)

CHOP INTEND, Children’s Hospital of Philadelphia Infant Test of Neuromuscular Disorders; HFMSE, Hammersmith Functional Rating Scale 
Expanded; SMA, spinal muscular atrophy; SMN, survival motor neuron.
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However, no significant differences were found in 
muscle strength between SMA types I and II for 
the elbow extensors, hand extensors, knee flexors, 
and knee extensors (p > 0.05).

Discussion
Our findings support the assumption of a specific 
pattern of pareses in SMA. This pattern is charac-
terized by a pronounced muscle weakness of 
lower limbs and preferentially proximal muscle 
groups.

The pattern is distinctly different from ALS, the 
most frequent motor neuron disease in adults. In 
ALS, pronounced weakness in thumb muscles, 
hand/finger extensors, elbow flexors, knee flexors, 
and foot extensors is a specific diagnostic feature 
of the disease.26 Also typical is the paresis pattern 
of the intrinsic hand muscles which involve pro-
nounced weakness and atrophy of the abductor 
pollicis brevis (APB) and first dorsal interosseous 

(FDI) muscles with relative sparing of the abduc-
tor digiti minimi (ADM) (“split-hand” syn-
drome).27 Cortical influences, in particular a 
pathogenetic role of monosynaptic corticomoto-
neuronal (CM) input, have been suggested to 
explain this pattern.27–30 Accordingly, it is reason-
able to assume that in ALS muscle groups receiv-
ing the strongest direct CM innervation by 
phylogenetically young monosynaptic inputs are 
most severely affected.26,31–35

In SBMA, proximal legs are more affected than 
arms, and the tongue shows a pattern distinguish-
able from ALS with a higher fat fraction in muscle 
magnetic resonance imaging (MRI).36 From a 
clinical point of view, severe tongue atrophy in 
SBMA goes along with a striking lack of dysar-
thria. Also, the lower limbs in SBMA show a 
higher amount of fatty infiltration compared to 
ALS.36 In the thigh, a relative sparing of the medial 
muscle group (adductor magnus, sartorius, soleus) 
with early involvement of the posterior thigh 

Figure 1. MRC scores for different muscle groups (median, minimum to maximum) and comparisons between 
muscle groups.
***p < 0.01.
MRC, Medical Research Council.
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muscles and quadriceps are observed. In the lower 
leg, the posterior deep and superficial calf com-
partment (gastrocnemius, soleus, and tibialis pos-
terior) is predominantly affected with a relative 
sparing of tibialis anterior. These MRI results cor-
relate well with the functional rating scales (lower 
limb part of ALS Functional Rating Scale – 
Revised and SBMA Functional Rating Scale) in 
Klickovic et al.36 Regarding the paresis pattern in 
the arms, involvement is more diverse: According 

to literature, finger extensors and elbow flexors are 
most commonly affected,37 but distal and proxi-
mal arm muscles (extensors and flexors) are 
almost equally affected. In contrast to ALS, 
SBMA involves not only motor neuron degenera-
tion but also considerable muscle involvement 
which may partly explain the distinct muscle vul-
nerability and paresis pattern.38

In contrast to ALS, very few studies examined the 
specific pattern of pareses in SMA. In line with 
our study, Günther et  al.39 showed that adult 
SMA patients suffer from a “reversed split-hand” 
phenomenon, which discriminates SMA from 
ALS and controls with a high sensitivity and spec-
ificity. In their electrophysiological study using 
Motor Unit Number Index (MUNIX),39 the 
most affected muscle in SMA was the FDI, fol-
lowed by the ADM, whereas the APB was rela-
tively well preserved. There are reports of patients 
with other pure lower motor neuron diseases, 
who have also been described as having a “split-
hand.”40,41 In patients with spinal and bulbar 
muscular atrophy (SBMA, Kennedy’s disease), a 
“split-hand” was described in 57% of patients.42 
We assume that the “reversed split-hand” phe-
nomenon might represent a specific pattern of 
paresis in SMA and can therefore help to clini-
cally differentiate SMA from ALS and other 
motor neuron diseases in adults.

The pattern of paresis in proximal and distal mus-
cle groups of upper and lower extremities can also 
be utilized to distinguish adult-onset SMA from 
ALS and SBMA. As a rule of thumb, the pattern 

Figure 2. Pattern of pareses in SMA versus ALS 
versus SBMA. More affected muscle groups are 
marked with blue color. Compared to ALS, elbow 
and knee extensors are more severely affected in 
SMA, while elbow and knee flexors are less severely 
affected. In distal muscle groups, the pattern of 
paresis is similar. In SBMA, thigh and calf flexors are 
more severely affected than extensors. In arm muscle 
groups, all muscles are affected quite equally.
ALS, amyotrophic lateral sclerosis; SMA, spinal muscular 
atrophy; SBMA, spinobulbar muscular atrophy.

Figure 3. Pattern of muscle atrophy in SMA. Patient with SMA type 2, 
showing the typical pattern of pareses and atrophy of upper (left) and lower 
(right) extremities in SMA, predominantly affecting extensors, lower limb 
muscles, and proximal muscle groups.
SMA, spinal muscular atrophy.
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of paresis is similar in distal muscle groups (apart 
from the hand patterns), but differs in proximal 
muscle groups. In both SMA and ALS, the typical 
pattern of paresis in distal muscle groups involves 
a pronounced affection of finger/hand extensors 
and foot elevators. On the other hand, elbow and 
knee extensors are more severely affected in SMA, 
whereas elbow and knee flexors are more severely 
affected in ALS. In SBMA, the posterior leg flex-
ors in the thigh and lower leg are more severely 
affected, while in the less affected arms, a specific 
pattern for flexors or extensors could not be deter-
mined in proximal and distal muscle groups.

As this was an observational study, we were una-
ble to analyze the effect of specific SMA treat-
ments such as nusinersen and risdiplam, on 
paresis patterns. However, our findings mith 
impact future longitudinal studies which assess 
the longitudinal impact of SMA therapies. Based 
on our results, we suggest a nuanced approach  
for monitoring treatment effects, focusing on 
muscles with moderate function (power 3–4) 

rather than those with severe weakness (power 
1–2). This might offer a more sensitive measure 
of therapeutic efficacy, as these muscles show 
more significant and measurable responses. 
Similarly, CMAP assessments in muscles with 
moderate pareses will likely provide more mean-
ingful data, reflecting subtle functional improve-
ments and serving as more robust indicators of 
treatment success.

The emergence of new SMA phenotypes under 
DMT is to be expected; the question remains 
whether the pattern of paresis described here 
might change in the future, or whether treatment 
will only exert quantitative effects.
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M, et al. Risdiplam-treated infants with type 1 
spinal muscular atrophy versus historical controls. 
N Engl J Med 2021; 385: 427–435.

 19. Mercuri E, Deconinck N, Mazzone ES, et al. 
Safety and efficacy of once-daily risdiplam in 
type 2 and non-ambulant type 3 spinal muscular 
atrophy (SUNFISH part 2): a phase 3, double-
blind, randomised, placebo-controlled trial. 
Lancet Neurol 2022; 21: 42–52.

 20. Mendell JR, Al-Zaidy SA, Lehman KJ, et al. 
Five-year extension results of the phase 1 START 
trial of onasemnogene abeparvovec in spinal 
muscular atrophy. JAMA Neurol 2021; 78: 
834–841.

 21. De Vivo DC, Bertini E, Swoboda KJ, et al. 
Nusinersen initiated in infants during the 
presymptomatic stage of spinal muscular atrophy: 
interim efficacy and safety results from the phase 
2 NURTURE study. Neuromuscul Disord 2019; 
29: 842–856.

 22. Vill K, Schwartz O, Blaschek A, et al. Newborn 
screening for spinal muscular atrophy in 
Germany: clinical results after 2 years. Orphanet J 
Rare Dis 2021; 16: 153.

 23. Schorling DC, Pechmann A and Kirschner J. 
Advances in treatment of spinal muscular atrophy – 
new phenotypes, new challenges, new implications 
for care. J Neuromuscul Dis 2020; 7: 1–13.

 24. Compston A. Aids to the investigation of 
peripheral nerve injuries. Medical Research 
Council: Nerve Injuries Research Committee. 
His Majesty’s Stationery Office: 1942; pp. 48 
(iii) and 74 figures and 7 diagrams; with aids to 
the examination of the peripheral nervous. Brain 
2010; 133: 2838–2844.

https://journals.sagepub.com/home/tan


Z Uzelac, B Schwäble et al.

journals.sagepub.com/home/tan 9

 25. Vanhoutte EK, Faber CG, van Nes SI, et al. 
Modifying the Medical Research Council grading 
system through Rasch analyses. Brain 2012; 135: 
1639–1649.

 26. Ludolph AC, Emilian S, Dreyhaupt J, et al. 
Pattern of paresis in ALS is consistent with 
the physiology of the corticomotoneuronal 
projections to different muscle groups. J Neurol 
Neurosurg Psychiatry 2020; 91: 991–998.

 27. Weber M, Eisen A, Stewart H, et al. The split 
hand in ALS has a cortical basis. J Neurol Sci 
2000; 180: 66–70.

 28. Eisen A, Braak H, Del Tredici K, et al. Cortical 
influences drive amyotrophic lateral sclerosis.  
J Neurol Neurosurg Psychiatry 2017; 88:  
917–924.

 29. Menon P, Kiernan MC and Vucic S. ALS 
pathophysiology: insights from the split-hand 
phenomenon. Clin Neurophysiol 2014; 125: 
186–193.

 30. Eisen A and Kuwabara S. The split hand 
syndrome in amyotrophic lateral sclerosis.  
J Neurol Neurosurg Psychiatry 2012; 83:  
399–403.

 31. Lemon RN. Descending pathways in motor 
control. Annu Rev Neurosci 2008; 31:  
195–218.

 32. Phillips CG and Porter R. Corticospinal 
neurones. Their role in movement. Monogr 
Physiol Soc 1977; v–xii, 1–450.

 33. Kuypers HGJM. The descending pathways  
to the spinal cord, their anatomy and function.  
Prog Brain Res 1964; 11: 178–202.

 34. Porter R and Lemon R. Corticospinal function and 
voluntary movement. Oxford: Oxford University 
Press, 1995.

 35. Braak H, Brettschneider J, Ludolph AC, et al. 
Amyotrophic lateral sclerosis – a model of 
corticofugal axonal spread. Nat Rev Neurol 2013; 
9: 708–714.

 36. Klickovic U, Zampedri L, Sinclair CDJ, et al. 
Skeletal muscle MRI differentiates SBMA 
and ALS and correlates with disease severity. 
Neurology 2019; 93: E895–E907.

 37. Dahlqvist JR, Oestergaard ST, Poulsen NS, 
et al. Refining the spinobulbar muscular atrophy 
phenotype by quantitative MRI and clinical 
assessments. Neurology 2019; 92: e548–e559.

 38. Hashizume A, Fischbeck KH, Pennuto M, et al. 
Disease mechanism, biomarker and therapeutics 
for spinal and bulbar muscular atrophy (SBMA).  
J Neurol Neurosurg Psychiatry 2020; 91: 1085–1091.

 39. Günther R, Neuwirth C, Koch JC, et al. Motor 
Unit Number Index (MUNIX) of hand muscles 
is a disease biomarker for adult spinal muscular 
atrophy. Clin Neurophysiol 2019; 130: 315–319.

 40. Wilbourn AJ. The “split hand syndrome”. Muscle 
Nerve 2000; 23: 138.

 41. Schelhaas HJ, van de Warrenburg BPC, Kremer 
HPH, et al. The “split hand” phenomenon: 
evidence of a spinal origin. Neurology 2003; 61: 
1619–1620.

 42. Shibuya K, Misawa S, Uzawa A, et al. Split hand 
and motor axonal hyperexcitability in spinal and 
bulbar muscular atrophy. J Neurol Neurosurg 
Psychiatry 2020; 91: 1189–1194.

Visit Sage journals online 
journals.sagepub.com/
home/tan

  Sage journals

https://journals.sagepub.com/home/tan
https://journals.sagepub.com/home/tan
https://journals.sagepub.com/home/tan

