
R E S E A R C H Open Access

© The Author(s) 2025. Open Access  This article is licensed under a Creative Commons Attribution 4.0 International 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 ​h​t​t​p​​:​/​/​​c​r​e​a​​t​i​​v​e​c​​o​m​m​​o​n​s​.​​o​r​​g​/​l​i​c​e​n​s​e​s​/​b​y​/​4​.​0​/. The 
Creative Commons Public Domain Dedication waiver (​h​t​t​p​​:​/​/​​c​r​e​a​​t​i​​v​e​c​​o​m​m​​o​n​s​.​​o​r​​g​/​p​​u​b​l​​i​c​d​o​​m​a​​i​n​/​z​e​r​o​/​1​.​0​/) applies to the data made available 
in this article, unless otherwise stated in a credit line to the data.

Nakajima et al. Orphanet Journal of Rare Diseases          (2025) 20:194 
https://doi.org/10.1186/s13023-025-03681-9

Orphanet Journal of Rare 
Diseases

*Correspondence:
Takashi Nakajima
nakajima-md@mqb.biglobe.ne.jp

Full list of author information is available at the end of the article

Abstract
Background  Nusinersen therapy for spinal muscular atrophy (SMA) provides significant functional improvement 
when initiated pre-symptomatically or early in life. However, challenges remain in diverse populations with longer 
disease duration. In Japan, innovative cybernic therapy with the Hybrid Assistive Limb (HAL) is gaining traction 
in treating neuromuscular diseases. This observational study investigated whether combining HAL therapy with 
nusinersen and conventional physiotherapy yields functional improvements in SMA, irrespective of disease duration 
or age. Functional improvement indicators included the Hammersmith Functional Motor Scale-Expanded (HFMSE) 
and Revised Upper Limb Module (RULM) scores, and the 2-minute walk test (2MWT), measured 15 months post-
nusinersen initiation. A cohort analysis of a selected case series was conducted.

Results  Twelve patients with SMA type 2 or 3 who met the criteria of being able to walk with a hoist and began 
nusinersen treatment > 40 months post-disease onset were selected for longitudinal clinical assessment. Cohort 1 
(n = 5, mean age 36.0 years) underwent HAL therapy, while Cohort 2 (n = 7, 24.6 years) did not. Baseline characteristics, 
except mean age, were similar across cohorts. In Cohort 1, the period from baseline (nusinersen initiation) to HAL 
therapy ranged from 0 to 8.8 months. HFMSE scores improved in both cohorts at 15 months; the least squares mean 
(LSM) change from baseline (95% confidence interval [CI]) was 4.7 points (2.2, 7.3) in Cohort 1 and 2.9 points (0.7, 
5.1) in Cohort 2. Clinically meaningful improvement of 3.0 points in HFSME was exceeded by four of five patients in 
Cohort 1 and three of seven in Cohort 2. The LSM change from baseline in RULM was 2.2 points (95% CI 1.0, 3.3) in 
Cohort 1, exceeding the minimal clinically important difference of 0.5–1.0 points, but remained unchanged in Cohort 
2 due to ceiling effects (− 0.2; −1.5, 1.2; p = 0.016). The LSM change from baseline in the 2MWT had improved in 
Cohort 1 (34.57 m; 95% CI 4.57, 64.57), but not in Cohort 2 (− 3.86; −37.75, 30.03).
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Background
Spinal muscular atrophy (SMA) is a rare genetic neuro-
muscular disease characterised by progressive motor 
dysfunction due to a loss of motor neurons within the 
anterior horn of the spinal cord [1, 2]. For many years, 
research has been conducted to elucidate the pathogen-
esis of SMA and develop disease-modifying therapies 
(DMTs) to halt its progression and to explore physical 
therapies to stabilise and improve functional impairment 
[3]. Combining these approaches has been increasingly 
recognised as a potentially ideal treatment strategy that 
synergistically enhances the therapeutic efficacy of each 
approach. However, evidence in this regard remains 
insufficient [3], highlighting the importance of accumu-
lating data, particularly from real-world settings.

Over the past decade, the causative genetic mutation 
of SMA, as well as factors that partially determine dis-
ease severity and prognosis, along with epidemiological 
disease characteristics, have been clarified. SMA usu-
ally results from the homozygous absence of the survival 
motor neuron 1 (SMN1) gene on chromosome 5q13 [4]. 
SMN1 and a nearly identical gene (SMN2) produce the 
SMN protein. SMN1 codes for a full-length, fully func-
tioning SMN protein, but a cytosine-to-thymine substitu-
tion in exon 7 of the SMN2 gene results in an alternative 
splicing pattern that affects the SMN protein produced 
by this gene. As a result, almost all (90–95%) of the SMN 
protein from the SMN2 gene is truncated, unstable and 
only partially functional, with only 5–10% being the func-
tional isoform [1, 2]. Therefore, SMN2 can partially, but 
not wholly, compensate for the lack of SMN1 in patients 
with SMA. Epidemiological observations demonstrated 
that SMN2 copy numbers vary among patients, and SMA 
severity is inversely correlated, but does not correspond 
perfectly, with copy number [5, 6]. These findings sug-
gest that the number of SMN2 copies influences clinical 
severity but that other neurophysiological factors may 
also be involved. It is possible that treatments aimed at 
functional restoration, such as physiotherapy, may impact 
these alternative neurophysiological factors.

In an epidemiological survey in Japan, the estimated 
number of patients with SMA in 2017 was 1,478, with 
a prevalence rate of 1.17 per 100,000 population and 
an incidence rate of 0.61 per 10,000 births [7]. Despite 
the relatively high incidence rate, the prevalence had 

remained low due to the poor prognosis associated with 
the disease, leading to its classification as a rare dis-
ease. Several types of SMA with different levels of clini-
cal severity can occur, ranging from SMA type 0, which 
results in neonatal death, to SMA type 4, which usually 
develops with mild symptoms in adults and is associated 
with an average life expectancy [1, 2, 8]. Between these 
extremities are types 1, 2 and 3. SMA type 1 develops 
immediately after birth and is associated with muscle 
weakness (including being unable to sit without support) 
and difficulty in eating and breathing, requiring artificial 
nutritional and ventilatory support. SMA type 2 typi-
cally develops between 7 and 18 months after birth and 
is associated with muscle weakness; feeding difficulties 
are common in patients with SMA type 2 [9]. In addi-
tion, respiratory function is reduced [1, 2] and up to 39% 
of these patients may require respiratory support [10]. 
Patients with SMA type 2 are able to sit up but cannot 
stand or walk independently. SMA type 3 develops from 
18 months to 30 years of age [1, 2]. Patients with SMA 
type 3 are initially able to stand and walk unaided, but 
progressive muscle weakness, including gait disturbance, 
leads to a gradual loss of ambulatory ability [1, 2].

In the last decade, DMTs for SMA have emerged, such 
as the antisense oligonucleotide drug nusinersen, which 
was developed to selectively modify the splicing of the 
SMN2 pre-messenger ribonucleic acid (mRNA) to pro-
duce functional SMN protein [11]. This was followed 
several years later by risdiplam, a small molecule RNA 
splicing modifier that operates through a different mech-
anism of action [12]. In clinical practice, these DMTs 
are combined with conventional supportive therapies, 
such as nutritional therapy and assisted ventilation for 
patients with SMA type 1, as well as physiotherapy aimed 
at maintaining joint mobility and utilising residual motor 
function for all SMA types [1, 2].

In the ENDEAR [13] and CHERISH [14] phase 3 ran-
domised clinical trials (RCTs), nusinersen significantly 
improved the achievement of motor milestones, event-
free survival, and motor function in infants and children 
with SMA type 1 and 2 compared with control sham 
treatment [15, 16]. Based on these findings, nusinersen 
was approved in the United States (US), Europe and 
Japan in 2017. Significant clinical improvement can be 
achieved when nusinersen is administered early after the 
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onset of the disease [13, 14] or in the pre-symptomatic 
stage [17]. In the CHERISH trial, nusinersen administra-
tion was associated with a least-squares mean difference 
in change compared with the control group of 4.9 points 
on the Hammersmith Functional Motor Scale-Expanded 
(HFMSE) [14], which far exceeded the minimal clinically 
important difference (MCID) of 3.0 points [14]. In par-
ticular, it was indicated in CHERISH that improvements 
in gross motor function were greater in younger children 
or those who received treatment earlier in their disease 
course [14].

In several real-world observational studies in patients 
with SMA types 2 and 3, nusinersen improved motor 
function in children and adults [18–22]. However, in two 
of these studies, improvements beyond a 3.0-point gain 
in HFMSE scores were limited to up to 50% of patients 
[19, 21], and in another, the mean change was < 3.0 points 
[22]. Similarly, in a meta-analysis of a diverse patient 
population that included adults and individuals with 
later-onset SMA (types 2 and 3), the improvement in 
HFMSE score did not reach 3.0 points [23]; subsequently, 
different cutoff points for clinical significance have been 
proposed from a large cohort study of untreated patients 
[24].

In order to improve outcomes, early use of DMTs, 
including pre-symptomatic treatment, and use in vari-
ous populations and different SMA types at different 
stages after disease onset has been proposed. In addi-
tion, methods to improve functional outcomes with 
nusinersen treatment have been investigated. Indeed, 
a recent study in patients with SMA demonstrated that 
improvements in motor function are greater in those 
who received physiotherapy during nusinersen admin-
istration than in patients who received nusinersen alone 
[25]. Until recently, no successful RCTs assessing specific 
physiotherapy treatments for SMA have been reported, 
and combined strength and aerobic exercise training has 
not been actively practised due to the potential risk of 
harm from overuse [26]. However, in 2021, Nakajima and 
colleagues published the results of an RCT (NCY-3001) 
evaluating the efficacy and safety of a novel wearable 
cyborg Hybrid Assistive Limb (HAL), known as cyber-
nic treatment, in patients with eight rare neuromuscular 
diseases [27, 28]. The trial enrolled 24 individuals, includ-
ing five with SMA, and assessed walking endurance using 
the 2-minute walk test (2MWT) as the primary end-
point. This crossover study compared walking exercise 
therapy using HAL plus a hoist versus a hoist alone over 
nine sessions within a 13-week period. At the end of the 
first treatment phase, the 2MWT endurance showed a 
significantly greater improvement with HAL plus hoist 
compared with hoist alone (15.577%, p = 0.044), with 
respective increases of + 24.874% and + 9.297%. A cross-
over analysis further confirmed a significant treatment 

effect, with a mean 2MWT change of 10.066% (p = 0.037) 
compared with hoist alone. These findings contributed 
to the approval of cybernic treatment for neuromuscular 
diseases in Japan [27, 28] and the US [29].

HAL was developed as a robotic exoskeleton device 
that supports movement based on the patient’s voluntary 
motor intentions and allows motor learning while pre-
venting overuse in patients with neuromuscular diseases 
[27, 28]. Cybernic treatment with HAL has effectively 
reduced serum creatine kinase [29–31], an indicator of 
muscle damage, and is well recognised as a functional 
therapeutic assistive device for incurable neuromuscular 
diseases. In contrast to a pharmacological approach to 
treatment that targets the cause of the disease (such as 
nusinersen), HAL promotes the optimisation of neuro-
nal grouping and synaptic connections through neurore-
habilitation, and more directly improves motor learning 
[27, 28]. Thus, motor function is improved via a mecha-
nism independent of SMN2 copy number and SMN pro-
duction. Combining HAL with nusinersen is expected 
to have synergistic effects and has the potential to link 
the molecular pathological changes and neurophysi-
ological changes induced by the drug-based treatment 
to more holistic and tangible functional changes. Walk-
ing exercise therapy utilising HAL is covered by general 
health insurance in Japan. However, its use is not univer-
sal across all medical institutions, even in Japan, due to 
the need for specialised rehabilitation facilities and staff 
training.

Whether therapy involves DMT or cybernic treat-
ment using HAL, earlier initiation is likely to be more 
effective than later initiation. However, we undertook an 
observational study to examine the hypothesis that com-
bining DMT (i.e., nusinersen) with cybernic treatment 
using HAL, along with conventional physiotherapy tech-
niques, could improve motor function in SMA, even in 
patients who started nusinersen long after disease onset. 
We collected real-world data from a diverse population, 
regardless of SMA type, disease duration or patient age, 
to evaluate the impact of adding HAL therapy to conven-
tional treatment (nusinersen plus individualised phys-
iotherapy). In addition to data collection, we assessed 
individual patients within each cohort using key func-
tional measures, including the HFMSE, revised version of 
the Upper Limb Module (RULM) and 2MWT, while also 
attempting cohort comparisons. Through this approach, 
we aimed to obtain pilot data on the effectiveness and 
safety of combining DMT with cybernic treatment using 
HAL, specifically in patients with SMA who were receiv-
ing nusinersen.
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Methods
Design
This was a non-blinded, exploratory observational study 
consisting of a small case series conducted at three facili-
ties in Japan: NHO Niigata National Hospital, NHO 
Osaka Toneyama Medical Centre and Kagoshima Uni-
versity Hospital. The study was performed in accordance 
with the Declaration of Helsinki. The study protocol 
complied with all applicable Strengthening the Report-
ing of Observational Studies in Epidemiology (STROBE) 
guidelines (see Supplementary material for a completed 
STROBE checklist) and Japanese local regulations, and 
was approved by the ethics committee of each facility. 
All adult patients provided written informed consent. 
Patients under the age of 15 years at enrolment were 
required to give the appropriate assent to participate, and 
their guardians provided written informed consent.

Patients
Patients were eligible to participate if they were at least 
100  cm tall, had a genetically confirmed diagnosis of 
SMA type 2, 3 or 4 at least 40 months before the start 
of treatment, were receiving conventional individual-
ised physiotherapy and were either receiving or were 
candidates to receive nusinersen (Spinraza®; Biogen). To 
assess the effect of nusinersen on ambulation, the study 
included only patients who could stand and walk with 
a hoist or assistance but could not walk independently 
without an assistive device. Patients with SMA type 2 
were included because a small number of these patients 
can stand/walk using a hoist support [7, 32]. There were 
no upper or lower age limits. Patients were also required 
to have the appropriate body dimensions (weight, height, 
leg length, waist width) to fit the HAL device. Patients 
were excluded if they had scoliosis, foot joint contrac-
tures or other structural deformities that may have 
impeded the use of HAL, or medical complications such 
as dyspnoea on exertion, heart failure, arrhythmia or 
myocardial infarction that may have made assessments 
difficult. As there are currently no data on the safety of 
nusinersen in pregnant or lactating women [33], these 
individuals were not eligible for inclusion, and female 

participants of childbearing potential were required to 
use adequate contraceptive measures for the duration of 
the investigation.

Treatment
Patients with SMA were administered nusinersen while 
receiving conventional individual-based physiotherapy. 
They were divided for observation into two cohorts; 
Cohort 1 (conventional therapy plus HAL) received 
nusinersen, conventional individual-based physiotherapy 
and cybernic treatment with HAL and Cohort 2 (con-
ventional therapy only) received nusinersen and con-
ventional individual-based physiotherapy only (without 
HAL; Fig.  1). The treatment assignment was not ran-
domised; instead, selection to the cohorts was based 
on the availability of HAL for each patient at the centre 
where they were enrolled. Patients who wanted cybernic 
treatment were transferred to a facility where HAL was 
available. In both Cohorts 1 and 2, conventional phys-
iotherapy was individualised to the patient’s conditions 
and needs, and administered according to the standard 
schedule used by the participating facility.

Cybernic treatment was administered according to 
standard practices [34]; walking exercise therapy with 
HAL (ML05 and FL06 2  S; Cyberdyne Inc., Tsukuba, 
Japan) commenced after fitting the device and adjusting 
the torque and signal sensitivity of the motor unit poten-
tials from the skin. During cybernic treatment, a hoist 
(All in One®, Ropox A/S, Naestved, Denmark) was always 
used as a body weight support device during overground 
gait training for safety, to prevent falls. The duration of 
the walking exercise with HAL was 20–30  min/day, all 
in one session. The patient was generally encouraged 
to complete nine HAL sessions (per course) with a fre-
quency of at least twice per week, following the guide for 
appropriate use of HAL [34]. In this observational study, 
we aimed to adhere to this recommendation as closely 
as possible. Multiple courses were recommended dur-
ing the 15-month study period; however, as this was an 
observational study, no strict regulations were imposed 
beyond this recommendation. Nevertheless, the total 
number of HAL sessions, the total number of courses 

Fig. 1  Investigation design. HAL, Hybrid Assistive Limb
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and the intervals between sessions were recorded for 
each patient.

All patients received nusinersen during the investiga-
tion period, which was administered according to the 
standard schedule used by the participating institutions. 
The approved dose of nusinersen in Japan for patients 
with later-onset SMA aged ≥ 2 years is 12  mg adminis-
tered by intrathecal injection (5 mL volume) with three 
loading doses (Weeks 0, 4 and 12) followed by a mainte-
nance dose every 6 months thereafter [35].

Assessments
Assessments were made at baseline (before nusinersen 
administration), at Week 12 or Month 3 (end of the load-
ing-dose period), at Month 9 (after the first maintenance 
dose of nusinersen) and at Month 15 (end of the investi-
gation, after the second maintenance dose of nusinersen; 
Fig.  1). This schedule was aligned with the clinical trial 
timing [14] and post-marketing surveillance (PMS) [22] 
evaluations for nusinersen. The day on which the first 
dose of nusinersen was administered was designated as 
Day 0 for all timepoints. Because data were collected in 
a real-world setting, we allowed data collection within 
the following ranges for each timepoint: Baseline: as this 
was an observational study, baseline assessments were 
permitted from Day − 200 to Day 15, if necessary; Week 
12: data collected between Day 16 and Day 157; Month 
9: data collected between Day 158 and Day 374; and 
Month 15: data collected between Day 375 and Day 640. 
Where more than one assessment was observed within 
the relevant date range, the highest value was adopted. 
For patients already on nusinersen at enrolment, data 
on outcomes from the period before starting nusinersen 
were collected retrospectively from patients’ medical 
records, but all other data were collected prospectively 
after enrolment.

Outcome measures
This observational analysis evaluated various motor 
function parameters, including changes in HFMSE total 
scores, RULM total scores, 2MWT, and other gait func-
tions, as well as treatment regret, using the Decision 
Regret Scale (DRS).

The HFMSE is a scale that investigates the ability of a 
patient with SMA to perform various activities and has 
been validated in 2- to 45-year-old patients with SMA 
types 2 and 3 [36, 37]. The scale has 33 items, with each 
scored from 0 to 2. The maximum score is 66, which 
indicates the highest ability. The RULM is specifically 
designed to measure upper limb function in patients 
with SMA and is comprised of 19 items with a three-
point grade system [38]. Its maximum total score of 
37 points indicates the highest upper limb function. 
The 2MWT was used (with hoist support) to measure 

walking distance and indicate gait endurance [39]. A 
10-metre walk test (10MWT; also with hoist support) 
was used to assess general walking functions [40, 41], 
including gait speed, cadence and step length. The test 
protocol included a 2-metre acceleration phase and a 
2-metre deceleration phase, during which the patient 
was instructed to “go fast but not run”. The steady-state 
walking phase was maintained over the middle 6 m [40, 
41], where gait speed, average step length and cadence 
were measured. The Japanese version of the DRS, a treat-
ment-related patient-reported outcome, assessed patient 
satisfaction correlated with their treatment decisions, 
decisional conflict (feeling uncertain about the course 
of action taken) and overall rated quality of life [42, 43]. 
A score of 0 means no regret; a score of 100 means high 
regret [44].

Statistical analyses
This observational study was designed first to analyse a 
case series and then to perform exploratory statistical 
analyses to the extent possible. It was not intended to 
test hypotheses regarding primary endpoints; instead, it 
attempted to compare two cohorts across all endpoints in 
an exploratory manner. However, when meaningful sta-
tistical testing was feasible, we aimed to determine the 
appropriate sample size for comparing the two cohorts. 
In the NCY-3001 study [27], the difference (standard 
deviation [SD]) in the rate of improvement between the 
HAL and the control groups after nine sessions (one 
course) for neuromuscular disease was 15.58% (19.1) in 
the 2MWT. When three or more courses were admin-
istered, the effect size was estimated to be at least 2.0, 
based on empirical findings indicating that the improve-
ment rate was at least 2.5 times higher with continued 
treatment over three or more courses. Assuming a power 
of 90% and a significance level of 5%, the required sample 
size was calculated to be six per cohort, resulting in 12 
patients overall. This sample size was deemed feasible for 
the study.

The data were analysed in the intent-to-treat popu-
lation. Descriptive statistics were used, and the indi-
vidual patient values and statistical summaries (mean, 
median) were provided for baseline characteristics 
and demographics, as well as the baseline values of the 
HFMSE, RULM and 2MWT. In Cohort 1, individual 
data and statistical summaries of cumulative use of HAL 
at 12 weeks (3 months), 9 months and 15 months were 
also provided. As an evaluation of the case series data, 
waterfall plots were generated for patients whose data 
were collected after 15 months. Missing values occur-
ring within an allowed date range were imputed using 
data collected at the nearest subsequent assessment date 
to mitigate the risk of overestimating treatment effects 
in instances where efficacy was anticipated. When the 
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baseline value was missing, the most recent value follow-
ing the initiation of treatment was used as the baseline 
value. All outcome measures of Cohorts 1 and 2 were 
compared for change between baseline and time series 
(12 weeks [3 months], 9 months and 15 months) with 
mixed-effects models for repeated measures (MMRM). 
Changes from baseline in all motor function outcomes 
were summarised as the least squares mean (LSM) 
change, standard error of the mean (SEM) and 95% con-
fidence intervals (CI). Results in Cohorts 1 and 2 were 
compared using MMRM at each time point, with the 
group, time point and group-time interaction as fixed 
effects for categorical variables, and baseline measure-
ments as fixed effects for continuous variables as covari-
ates. No additional imputation for missing values was 
made in the MMRM model. The significance level of the 
two-sided statistical tests was 5%. When comparing the 
two cohorts, the following patient attributes were consid-
ered confounding: type of SMA, age, period from onset 
of SMA to nusinersen administration, and the delay 
between nusinersen administration and cybernic treat-
ment with HAL. Additionally, the number of walking 
exercise sessions with HAL was considered a confound-
ing factor in assessing the effectiveness of cybernic treat-
ment. These confounding factor data were described in 
the evaluation.

All statistical analyses were conducted with SAS ver-
sion 9.4 or higher (SAS Institute; Tokyo, Japan).

Results
Patients
Twelve patients, comprising six children and six adults 
(five females and seven males) were sequentially enrolled 
between January 19, 2019, and December 26, 2019. Of 
these, five patients attended a medical facility where 
cybernic treatment with HAL was available (Cohort 1), 
and seven patients attended medical facilities where 
compatible HAL was unavailable (Cohort 2).

Patient demographics and baseline characteristics 
were generally similar between cohorts (Table  1). Both 
cohorts included children and adults (age range 9–65 
years [Cohort 1] and 7–71 years [Cohort 2]). The mean 
(median) age was 36.0 (33) years in Cohort 1 and 24.6 
(12) years in Cohort 2, with a tendency towards a slightly 
younger population in Cohort 2. The period from the 
SMA onset to nusinersen initiation ranged from 8.1 to 
61.2 years in Cohort 1 and from 6 to 59.9 years in Cohort 
2. The mean (median) duration between SMA onset and 
nusinersen initiation tended to be longer in Cohort 1 
(30.3 [26.5] years) than in Cohort 2 (20.7 [10.1] years). 
Both cohorts had patients with SMA type 2 (Cohort 1, 
n = 2; Cohort 2, n = 2) and type 3 (Cohort 1, n = 3; Cohort 
2, n = 5) disease. In both cohorts, the copy number of the 
SMN2 gene was consistent with the SMA severity types.

There were also some differences between cohorts 
as to previous treatments and baseline motor func-
tion (Table  1). In Cohort 1, three patients had used the 
investigational or research model of HAL approximately 
nine times, about 4 years before this study, which may 
have elevated their baseline motor function. In con-
trast, no patients in Cohort 2 had prior experience with 
HAL. Baseline HFMSE total scores ranged from 15 to 55 
points in Cohort 1, with a mean (median) of 35.0 (38.0) 
points, and were similar in Cohort 2, ranging from 17 
to 51 points with a mean (median) of 38.1 (43.0) points. 
Baseline RULM scores ranged from 11 to 37 points in 
Cohort 1, with a mean (median) of 26.8 (33) points, while 
in Cohort 2, RULM scores ranged from 20 to 37 points, 
with a mean (median) of 33.6 (37) points, with four cases 
at the upper limit of 37 points. The baseline 2MWT 
distances were similar between cohorts, with a mean 
(median) of 35.97 (30.66) m in Cohort 1 and 61.59 (53.13) 
m in Cohort 2.

In Cohort 1, the time from baseline (nusinersen treat-
ment) to receiving cybernic treatment with HAL ranged 
from 0 to 269 days (Table 1). At 15 months, patients in 
Cohort 1 received a mean (median) of 42.8 (36) sessions 
of HAL (Table 2). Since all patients received nusinersen, 
we analysed whether the combined therapy was ade-
quately implemented for each patient based on the num-
ber of HAL sessions and their characteristics (Table  2). 
Although both NH-06 and TH-01 underwent three HAL 
courses, NH-06 had the fewest total HAL sessions (16 
sessions), followed by TH-01. The mean session interval 
for NH-06 was 8.57 days within each course and 27.56 
days throughout the entire treatment period, indicating 
a significantly lower session frequency. In contrast, the 
mean session interval for TH-01 was 3.03 days within 
each course and 15.0 days over the entire period, suggest-
ing that the session intervals within each course were not 
notably prolonged. Based on these findings, NH-06 was 
the only patient for whom the combined therapy was not 
adequately implemented.

Change in outcome measures
At 15 months, the HFMSE total score did not worsen in 
either cohort and 11 out of 12 patients showed improve-
ment. In Cohort 1, four out of five patients had a clini-
cally meaningful improvement (≥ 3 points), while in 
Cohort 2, three out of seven patients did (Fig.  2A). 
NH-06 underwent combined therapy with HAL but was 
the only patient who did not show improvement in the 
HFMSE score. The LSM change from baseline in HFMSE 
improved in both cohorts; by 4.7 points (95% CI 2.2, 7.3) 
in Cohort 1 and 2.9 points (95% CI 0.7, 5.1) in Cohort 2 
(Table 3). The difference between cohorts in the change 
in HFMSE total score at 15 months was not significant 
(p = 0.254).
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RULM total scores showed a trend towards improve-
ment from baseline at 15 months in Cohort 1, but not in 
Cohort 2. In Cohort 1, four out of five patients showed 
improvement in RULM total scores (Fig. 2B). Conversely, 
in Cohort 2, one out of five patients worsened. Although 
three patients in Cohort 2 at baseline had the maximum 
RULM score of 37, there was no deterioration, making 
further improvement undetectable due to the ceiling 
effect. The RULM total scores showed a trend towards 
improvement from baseline at 15 months in Cohort 1 
(LSM change of 2.2; 95% CI 1.0, 3.3), but not in Cohort 2 
(–0.2; 95% CI − 1.5, 1.2; Table 3). The difference between 
cohorts in the LSM change from baseline in RULM total 
score at 15 months was significant (2.3; 95% CI 0.5, 4.2; 
p = 0.016).

Of the nine patients with evaluable 2MWT scores at 
15 months, five (four in Cohort 1 and one in Cohort 2) 
showed an increase, two (one in each cohort) demon-
strated a decrease, and two patients in Cohort 2 each 
had a single measurement at 15 months, resulting in no 
change in value in the waterfall plot (Fig.  2C). NH-06 
was the only patient in Cohort 1 who underwent com-
bined therapy with HAL but did not show improvement 
in the 2MWT (Fig.  2C). Please see the Supplementary 
data, which includes video footage of one patient’s (NH-
03) cybernic treatment with HAL (Additional file 1) and 
the change of 2MWT from baseline to 15 months (Addi-
tional file 2). At 15 months, 2MWT distance tended to 
increase from baseline in Cohort 1 (LSM change 34.57 m; 
95% CI 4.57, 64.57) but not in Cohort 2 (− 3.86 m; 95% CI 
− 37.75, 30.03; Table 3). Despite observed improvements 
in 2MWT in Cohort 1 at 15 months, the between-group 
difference in 2MWT did not reach statistical significance 
(p = 0.094).

At 15 months, most patients had an improvement in 
gait speed, except for one patient in Cohort 2, who had 
no change in gait speed (Fig. 2D). Three patients in each 
cohort had improved from baseline in step length at 15 
months (Fig. 2E), while three patients had no change in 
step length. At 15 months, four patients in Cohort 1 and 

two patients in Cohort 2 had improvements in cadence, 
one patient in Cohort 2 had no change in cadence and 
one patient in each cohort had a decrease in cadence 
(Fig.  2F). Comparison of LSM difference from baseline 
at 15 months showed an improvement in walking speed 
of 0.233 m/Sect. (95% CI 0.048, 0.419) and step length of 
0.121 m/step (95% CI 0.026, 0.217) in Cohort 1 (Table 3). 
No significant differences were found between the 
cohorts.

Six patients had evaluable DRS scores at month 15: 
four in Cohort 1 and two in Cohort 2 (Fig. 2G). In both 
cohorts combined, the range of DRS scores was between 
0 and 25, meaning that patients had little or no regret 
about their treatment.

Discussion
This observational study demonstrated that the addition 
of cybernic treatment with HAL to nusinersen and con-
ventional individual-based physiotherapy may enhance 
motor function and ambulation in patients with SMA 
type 2 or 3, even long after disease onset, when compared 
with those not receiving HAL. No significant adverse 
effects were observed in either cohort, and both cohorts 
demonstrated meaningful improvement in HFMSE, 
which is a key clinical outcome measure for gross motor 
function in SMA.

The LSM change in HFMSE from baseline to 15 months 
after the initiation of nusinersen was 4.7 points (95% 
CI 2.2, 7.3) in Cohort 1 and 2.9 points (95% CI 0.7, 5.1) 
in Cohort 2, with the lower limit of the 95% CI exceed-
ing zero in both cohorts. Notably, LSM improvement in 
HFMSE surpassed the clinically meaningful threshold 
(≥ 3 points) in Cohort 1 and almost reached this criterion 
in Cohort 2, suggesting relevant improvement in both 
cohorts over 15 months. The results of this case series 
indicate a larger improvement compared with the PMS 
data of later-onset SMA in 151 patients in Japan who 
received nusinersen [22], where the mean (SD) change in 
the HFMSE was 1.9 (4.6) points from 16.7 (17.7) points 
at baseline to 18.6 (19.0) points at 15 months [22]. Our 

Table 2  Number of session and characteristics of HAL and 2MWT change in cohort 1
Cohort 1 (plus HAL)

Patient identifier NH-01 NH-02 NH-03 NH-06 TH-01 Mean (SD)
Cumulative HAL use, number of sessions
  3 months (12 weeks) 0 0 22 0 9 6.20 (9.65)
  9 months 17 16 47 4 19 20.60 (15.88)
  15 months 36 79 55 16 28 42.80 (24.71)
Characteristics of HAL session
  Total number of courses 4 5 6 3 3 4.20 (1.30)
  Mean session interval entire treatment period (days) 9.00 4.20 8.45 27.56 15.00 12.84 (9.08)
  Mean session interval within each course (days) 1.62 2.78 2.37 8.57 3.03 3.67 (2.79)
2MWT change (m) 20.56 24.36 46.69 -14.61 75.50 30.50 (33.39)
2MWT, 2-minute Walk Test; HAL, Hybrid Assistive Limb; SD, standard deviation
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Fig. 2  Waterfall plots of the mean change from baseline in each outcome measure at 15 months for (A) HFMSE total score, (B) RULM total score, (C) 
2MWT, (D) gait speed, (E) step length and (F) cadence. (G) Waterfall plot for DRS score at 15 months. A “0*” denotes a solitary data point obtained overall, 
with the ensuing difference designated as zero. 2MWT, 2-minute walk test; DRS, Decision Regret Scale (Japanese version); HFMSE, Hammersmith Func-
tional Motor Scale-Expanded; RULM, Revised Version of the Upper Limb Module
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study found a marked improvement in HFMSE even 
with nusinersen monotherapy, particularly in Cohort 
2, without using HAL. The mean (median) time from 
SMA onset to nusinersen administration in the PMS was 
7572.8 (5171.0) days or 20.7 (14.17) years [22], which was 
not substantially different from our study of 30.3 (26.5) 
years in Cohort 1 and 20.7 (10.1) years in Cohort 2. How-
ever, unlike the PMS, our study required patients to be 
capable of walking with a hoist, which might explain the 
higher baseline HFMSE scores in our study (35.0 points 
in Cohort 1 and 38.1 points in Cohort 2) compared with 
the PMS baseline of 16.7 points [22]. Of note, compari-
sons between our study and the PMS should be made 
with caution, due to the small number of patients in our 
study, which limits the ability to compare baseline char-
acteristics with those in the PMS population.

Our study observed a clinically meaningful improve-
ment in the HFMSE (≥ 3 points [36, 37]) in four out of five 
cases in Cohort 1, and three out of seven cases in Cohort 
2. One patient in Cohort 1 (NH-06) had the fewest HAL 
treatment sessions (16 sessions), with the longest aver-
age session interval within each course (8.57 days) and 
throughout the entire treatment period (27.56 days). 
This was the only patient in whom no improvement 
was observed in HFMSE, suggesting not only a dimin-
ished effect of the combined therapy but also a reduced 
effectiveness of nusinersen. Although Cohort 1 tended 
to show a greater improvement in HFMSE scores than 
Cohort 2, there was no significant difference between the 
cohorts. Nonetheless, if a new RCT is conducted based 
on the sample size determined using data from this study 
and if the combined therapy protocol is adhered to, it 
could provide more robust evidence.

In our study, the LSM change (95% CI) in RULM total 
score after 15 months was 2.2 (1.0, 3.3) in Cohort 1 and 
− 0.2 (− 1.5, 1.2) in Cohort 2. The lower limit of the 95% 
CI for Cohort 1 was above zero, and since the MCID for 
RULM is 0.5–1 [45], the LSM change of 2.2 in Cohort 1 
exceeded the MCID, whereas that for Cohort 2 did not. 
The above data indicate that Cohort 1 demonstrated 
meaningful improvement in upper limb function.

While this result is encouraging, it is essential to note 
that MCID values in patients with SMA vary between 
ambulatory and non-ambulatory patients [45]. Studies 
have shown that the ceiling effect highly influences the 
MCID of RULM scores in ambulatory patients [45]. To 
appropriately evaluate the RULM, it is crucial to avoid 
ceiling effects with scores < 35 points and floor effects 
with scores > 10 points [46]. Although the mean base-
line RULM score in Cohort 2 was 33.6 (i.e., within the 
> 10 and < 35 points range) in this study, four patients in 
Cohort 2 reached the maximum score of 37. However, 
caution is required when interpreting these results.

The LSM difference in the change in the RULM from 
baseline to 15 months between the cohorts was 2.33 
(p = 0.016), indicating a statistically significant difference. 
Although caution should be taken in interpreting the sta-
tistical comparison between cohorts due to the consid-
erations above, the significant change in RULM scores 
observed in Cohort 1 is clinically meaningful, according 
to the results of this study. One possible reason for the 
improvement in RULM is that gait training involves not 
only the lower limbs but also the trunk and upper limbs. 
Therefore, cybernic treatment with HAL may have con-
tributed to the improvement in RULM scores. In addition 
to the physiotherapy approach required for using HAL, 
the increased frequency of visits to rehabilitation gyms 
may have led to a greater emphasis on upper limb reha-
bilitation, further contributing to the observed improve-
ments. In this cohort study, the lack of strict definitions 
or frequency limitations on conventional physiotherapy 
approaches may have influenced the results. Moreover, 
no previous studies have specifically investigated the 
effects of cybernic treatment with the lower limb-type 
HAL on upper limb function in other disease popula-
tions, making it unclear whether this phenomenon is uni-
versally observed.

This study investigated the 2MWT with hoist support 
to indicate walking function, especially endurance. Gen-
erally, the 6-minute walk test (6MWT) has been recom-
mended to evaluate walking function in patients with 
Duchenne muscular dystrophy (DMD) and SMA [47]. 
Historically, the MCID for the 6MWT in DMD has been 
considered to be 30  m [47]. It is thought to be similar 
in SMA, and studies of DMD and other neuromuscular 
diseases support the clinical meaningfulness of a 30-m 
improvement effect for the 6MWT [47, 48].

A notable feature of this study is that it included 
patients with SMA type 2 who could perform minimal 
walking movements with hoist assistance, making the 
6MWT impossible to conduct in these patients, as it is 
conducted in DMD. In such cases, since the 2MWT is 
highly correlated with the 6MWT [39, 49, 50], it is pos-
sible to convert the 2MWT results to the 6MWT for 
evaluation in patients with low walking ability and sus-
ceptibility to fatigue.

Our analysis showed that in Cohort 1, the LSM change 
(95% CI) in the 2MWT distance from baseline to 15 
months was 34.57  m (4.57, 64.57), with the lower limit 
of the 95% CI exceeding zero, indicating significant 
improvement. The MCID for the 2MWT in SMA has yet 
to be reported, but both the MCID and minimal impor-
tant change for the 6MWT in SMA are considered to be 
30 m. Using a conversion formula [49, 51], the equivalent 
change value for the 2MWT is approximately 10  m. In 
Cohort 1, four out of five patients showed an improve-
ment of more than 10  m in the 2MWT. In contrast, 
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NH-06, who had fewer HAL treatment sessions and lon-
ger session intervals than other patients in the cohort, 
was the only patient to show a deterioration of more than 
10 m. In Cohort 2, one patient exceeded a 10-m improve-
ment, and one showed a decrease of more than 10  m. 
The difference in LSM change between the two cohorts 
was 38.44  m (− 8.88, 85.75). Although the difference 
did not reach statistical significance in a two-tailed test 
(p = 0.094), data exceeding the estimated MCID of 10 m 
for the 2MWT is still considered clinically meaningful.

Improvement in the 2MWT is likely due to the com-
bined effect of nusinersen and the addition of cyber-
nic treatment with HAL. In previously reported PMS 
data [22], only 21 out of 275 patients could perform the 
6MWT, with a mean (SE) improvement of 27.09 (9.81) m 
after nusinersen treatment, which did not reach the 30 m 
MCID for the 6MWT. In contrast, the mean change in 
the 6MWT reported in a European observational study 
was 30.86 mm (95% CI 18.34, 43.38) at 14 months, with 
39 out of 89 patients (47.6%) exceeding 30  m [52]. The 
average improvement and proportion of patients show-
ing improvement in Cohort 1 in our study far exceeded 
the abovementioned values for nusinersen monotherapy 
in the latter study.

Given that a DRS score of 25/100 is the cutoff value for 
clinical meaningfulness of low regret [42, 43], this analy-
sis revealed that no patients in either cohort exceeded a 
DRS score of 25, indicating a low sense of regret in both 
cohorts. Patients could have participated in a differ-
ent cohort if they had utilised a distant facility, as travel 
expenses were supported. However, each patient or their 
guardian ultimately made their selection considering the 
physical and time burdens of travel. Nonetheless, this 
suggests that patients in both cohorts were satisfied with 
the treatment effect and did not regret their participa-
tion. However, it should be noted that the DRS could only 
be assessed in a limited number of patients in this analy-
sis (four in Cohort 1 and two in Cohort 2), and should, 
therefore, be interpreted with caution.

Overall, the results observed in Cohort 2 are consistent 
with previous observational studies showing the efficacy 
of nusinersen in patients with SMA type 2 or 3 [18–20, 
53]. The results of Cohort 1 are consistent with data from 
the randomised NYC-3001 study, which showed that 
cybernic treatment with HAL was more effective than 
conventional physiotherapy at improving motor func-
tion in patients with neuromuscular disorders [27]. All 
patients in Cohort 1, except NH-06 who did not achieve 
successful combined therapy, showed improvements 
in both the 2MWT and HFMSE. This suggests that the 
quality of the combined therapy may be influenced by the 
total number of HAL sessions and the frequency of the 
session intervals.

There are several limitations to this study. When inter-
preting the differences between the two cohorts in this 
observational study, it is necessary to consider the impact 
of various biases or confounding factors. Unlike RCTs 
that control for confounding factors, the results of this 
observational study based on statistical analysis of a case 
series are dependent on the interpretation of confound-
ing factors. Although we carefully conducted statistical 
comparisons between the two cohorts, the sample size 
of the study population remains relatively small and may, 
thus, have been influenced by various biases. Specifically, 
the ceiling effect in the RULM evaluation was a concern, 
and its potential impact was thoroughly discussed. Addi-
tionally, as this was a comparison of cohorts in an obser-
vational study and not an RCT, selection bias among the 
patients, particularly differences in the proportion of 
motivated patients between cohorts, was considered an 
inherent confounder that could not be analysed. Never-
theless, the purpose of this study was not to compare two 
treatments, as in an RCT, but to compare the addition of 
cybernic HAL therapy to conventional individual-based 
physiotherapy plus nusinersen treatment. Therefore, the 
differences in the method and amount of physiotherapy 
between the two cohorts were not an issue. Given the 
small number of patients with SMA in Japan [7, 32], the 
number of patients who met the inclusion criteria for 
recruitment within a reasonable time frame was limited, 
and the diversity of SMA phenotypes necessitated con-
sideration of confounding factors during cohort compari-
sons [54]. However, in this study, the inclusion criteria 
that required the ability to walk with a hoist and a long 
duration from onset to nusinersen treatment, regard-
less of SMA type 2 or 3, resulted in a group with com-
mon walking impairment, mitigating this issue. In any 
case, the results and statistical data obtained from this 
investigation can be used to determine the sample size 
needed for future comparative trials to test hypotheses 
on primary endpoints. Upcoming studies should aim to 
standardise the definition of “conventional therapy”, as 
rehabilitation protocols can vary significantly.

This initial exploratory observational study is of sig-
nificant importance because the results may provide suf-
ficient data to inform clinical decision-making about the 
potential addition of cybernic treatment with HAL to 
treat patients with SMA, while simultaneously receiving 
nusinersen and standard individual-based physiotherapy. 
This approach may hold promise for other SMA therapies 
[55] that aim to increase SMN protein levels. However, 
while the study provided promising results, it does not 
establish the superiority of HAL therapy over other reha-
bilitation approaches. Additionally, confirmatory studies 
focusing on more homogeneous populations regarding 
SMA type, disease severity and age would be valuable.
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Conclusions
This case series of 12 patients with SMA receiving nusin-
ersen and conventional individual-based physiotherapy 
suggested that adding cybernic treatment with HAL has 
the potential to further improve motor function in some 
patients. By dividing the cohorts based on whether cyber-
nic HAL treatment was added, our analyses suggested 
that the addition of cybernic treatment may enhance 
motor function across diverse patients with SMA type 2 
or 3; the cohort that received combined nusinersen with 
HAL showed clinically meaningful improvements in total 
HFMSE scores, total RULM scores and 2MWT distance 
at 15 months post-treatment, even many years after dis-
ease onset. Importantly, no significant adverse effects 
were observed, supporting the safety of this combined 
approach. Based on the findings from this study and our 
previous research, the therapeutic effects of nusinersen 
have the potential to be augmented when appropriate 
cybernic treatment is added to the treatment regime. 
This approach suggests that combining DMTs with 
cybernic treatment using HAL could improve functional 
outcomes in other neuromuscular disorders. However, 
further research is needed to identify the specific param-
eters where HAL demonstrates the greatest efficacy and 
to investigate differences in outcomes compared with 
various rehabilitation approaches. Future studies should 
also explore optimal patient selection criteria and long-
term safety profiles to refine the integration of cybernic 
treatment into the standard management of patients with 
SMA.
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