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M
Motor neuron diseases (MND) are a group of 

heterogeneous disorders inducing degeneration 
of upper and/or lower motor neurons.1 Primary 
lateral sclerosis (PLS) accounts for only 3 to 5 
percent of adult-onset MND, and it involves 
the upper motor neurons only.2 PLS clinically 
presents with slowly progressive symmetric 
spinobulbar spasticity and pathologically 
increased deep tendon re� exes.3 However, its 
early diagnosis can be challenging due to its 
nondisease speci� c core clinical symptoms 
and the need for a di� erential diagnosis.2,3 The 
Gordon criteria require a symptomatic period of 
four years before making a PLS diagnosis, since 
MND, including amyotrophic lateral sclerosis 
(ALS), may initially manifest with upper motor 
neuron signs.4

Despite the ongoing research to develop 
pharmacological treatment options for 
MND, insu�  cient attention is paid to the 
rehabilitation therapy.5 The main goal of 
physiotherapy is actually to limit the decline 
in muscle strength and decrease pain and 
spasticity, which worsen the disease burden 
and quality of life.6,7 In particular, a strictly 
monitored exercise program has been proposed 
to potentially reduce motor deterioration 
and decrease the deconditioning and muscle 
atrophy that can result from progressive 

inactivity in patients with ALS.7 Experimental 
data have demonstrated moderate e� ects and 
bene� ts of submaximal resistive exercises, 
which are considered safe, especially in the 
early stages of the MND.8 On the other hand, 
excessive or high resistance exercises are 
contraindicated and are associated with muscle 
overwork damage.8 Thus, it is recommended to 
avoid exceeding the aerobic threshold for motor 
exercise.

Robot-aided rehabilitation is promising 
because it maximizes motor training by 
� nely and individually controlling motor 
activation, thus improving functional 
ambulation in patients with di� erent 
neurological disorders.9-13 Moreover, robot-
aided rehabilitation is based on the principle 
of motor relearning that results from intensive, 
repetitive, and task-oriented motor activities 
requiring a patient’s active participation.13 Such 
a training is thought to restore neural plasticity 
and brain functional connectivity following 
brain damage and be potentially useful in 
some neurodegenerative diseases involving the 
central and peripheral nervous systems.14-16

Despite these promising treatments, there 
is very little evidence on the usefulness of 
robotics in the MND rehabilitation � eld.17-20

Further, no published data have demonstrated 

A Case Report on Robot-Aided 
Gait Training in Primary Lateral 
Sclerosis Rehabilitation: Rationale, 
Feasibility and Potential E� ectiveness 
of a Novel Rehabilitation Approach 
by SIMONA PORTARO, MD, PhD; LAURA CIATTO, PT; LOREDANA RACITI, MD, PhD; 
ENRICO ALIBERTI, Msc; RICCARDO ALIBERTI,  Msc; ANTONINO NARO MD, PhD; 
and ROCCO SALVATORE CALABRÒ, MD, PhD
All authors are with IRCCS Centro Neurolesi “Bonino-Pulejo” in Messina, Italy.

Innov Clin Neurosci. 2021;18(4–6):15–19

FUNDING: No funding was provided for this study.
DISCLOSURES: The author has no con� icts of interest relevant to the content of this article. 
CORRESPONDENCE: Rocco Salvatore Calabrò, MD, PhD; Email: salbro77@tiscali.it

A B S T R A C T

Primary lateral sclerosis (PLS) is an adult-onset 
idiopathic disorder of the upper motor neuron 
system. Robot-aided rehabilitation with the 
Lokomat-Pro (LT) allows maximizing motor 
training by � nely and individually controlling 
motor activation. No data are currently available 
on the use of robot-aided rehabilitation in 
PLS.  The aim of this case study was to evaluate 
the e� ectiveness of a customized robotic 
rehabilitation protocol in PLS. A 54-year-old 
woman, diagnosed with PLS � ve years before 
admission, came to our clinic to undergo 
rehabilitation training due to gait di�  culties 
with spastic paraparesis. The patient was treated 
with two di� erent approaches: conventional 
physiotherapy followed by a combined 
approach (i.e. PT plus LT). After the conventional 
PT rehabilitation, no signi� cant functional 
improvement was noted. However, the combined 
approach led to a signi� cant improvement 
in functional motor skills, including walking, 
balance and lower limb muscle strength, and 
spasticity. Our experimental training combining 
robot-aided and conventional rehabilitation 
could be a promising approach to mitigate the 
PLS disability burden.

KEYWORDS: Motor neuron disease, primary 
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the feasibility and the usefulness of robot-
aided rehabilitation in PLS patients. We 
hypothesized that such an approach could be 
e� ective in the treatment of neurodegenerative 
diseases involving the upper motor neurons, 
such as PLS. Herein, we report the case of a 
54-year-old woman with PLS who was treated 
with the combined approach of conventional 
rehabilitation plus robot-aided gait training 
(RAGT) by means of the Lokomat®Pro V6 Free-D 
module (Hocoma AG; Volketswil, Switzerland), 
and showed a signi� cant improvement in 
functional ambulation. The informed written 
consent was obtained from the patient for the 
experimental treatment and data publication.

CASE DESCRIPTION
A 54-year-old Caucasian woman, diagnosed 

� ve years prior to presentation, came to our 
institute to undergo a rehabilitation training 
due to progressive worsening in gait and 
balance. Family history was negative for 
neuromuscular disorders. Since the age of 
34, the patient reported on episodic di�  culty 
swallowing liquids. Since the age of 49, the 
patient reported lower limb muscle weakness 
with falls. After two years, the patient began 
manifesting upper limb muscle weakness with 
di�  culty in grasping. Based on the symptoms, 
a brain and cervical MRI was ordered, which 
showed a symmetrical hyperintensity signal of 
the corticospinal tracts. As her clinical condition 
progressively worsened, she was admitted to 
the neurology unit of another hospital where 
she was diagnosed with "probable PLS." After 
the patient was admitted to our outpatient 
program, neurological assessment showed 
gait di�  culties with spastic paraparesis, 

especially involving the left side, requiring the 
use of a rollator when she walked. A very mild 
muscle hypotrophy was detected distally at 
the four limbs with asymmetric involvement 
(left>right). Retractions of the achilles tendons 
and brisk deep tendon re� exes prevailing on 
the left side and clone of the feet were also 
revealed. There were no abnormalities in 
sensibility, cerebellar, and sphinteric functions.

REHABILITATION PROTOCOL
Rationale. As there are no speci� c guidelines 

to treat this rare disease, we asked the patient 
to undergo a research protocol to compare the 
e� ects of physiotherapy (PT) alone with PT plus 
RAGT. We hypothesized that the use of RAGT 
may be more e� ective, compared to PT alone, 
in improving functional ambulation and disease 
burden due to a repetitive, task-oriented exercise 
that entrains neuroplasticity mechanisms 
involved in neural damage recovery.21 Thus, this 
same mechanism might be useful to counteract 
the neurodegenerative process.22 Moreover, 
the higher intensity of the exercise, compared 
to PT alone, is completely assisted, which can 
be modulated per the patient’s needs, which 
helpes prevent exceeding the patient's aerobic 
threshold, which is critical when treating 
MND.23 In particular, aerobic exercise training 
activates the Type I slow-twitch oxidative muscle 
� bers, which typically contract slower and at a 
lower intensity.24 Such muscle � bers allow the 
endurance work to be done for long periods of 
time, increasing the size and number of these 
Type I muscle � bers and improving the endurance 
performances before fatigue sets in. The transition 
of myo� bers from Type II to Type I may allow for 
enhanced muscle adaptability.25

Anaerobic exercise, on the other hand, 
improves the power and strength of muscles 
by increasing hypertrophy or size, due to the 
particular characteristics of the anaerobic activity. 
This is shortlived due to the lack of oxygen that 
triggers the lactic acid production. The buildup 
of lactate is what causes fatigue. Moreover, the 
anaerobic exercise increases glycolysis, boosting 
the ATP levels and hormone production, which 
causes muscle hypertrophy.26

In addition to modifying the muscle � ber 
types and mass, exercise also causes an initial 
increase in free radical production and oxidative 
stress, which is counteracted by the subsequent 
activation of the endogenous antioxidative 
defense mechanism.26-27 A new homeostasis 
is achieved; thus, regular exercise of moderate 
intensity appears to result in a lower basal state 
of oxidative stress level.26,27 Depending on the 
duration and intensity of the exercise and the age 
of the person, myokines, such as IL-6, are released 
during physical intensive exercise and bene� t 
health by inducing adipose tissue reduction 
and muscle growth and myogenesis, as well as 
regulate energy metabolism. On the other hand, 
physical inactivity, due to age or a sedentary 
behaviour, seems to impair myokine response, 
partially explaining the increase in chronic 
diseases in these conditions. 

REHABILITATION PROTOCOL
Procedures. The � rst period of treatment was 

carried out by using conventional low-intensity 
PT in the outpatient program, three times a week 
for eight weeks, with each session lasting up to 
60 minutes. There were periods of rest as per the 
patient’s need, and the patient did not exceed 
aerobic threshold. This was ensured by monitoring 
oxygen saturation with a pulse oximeter and 
avoiding fatigue. The PT focused on improving 
walking resistance, muscle strength, and balance. 
This consisted of passive mobilization, with 
stretching exercises, active-assisted exercises, 
respiratory treatment aiming at maintaining lung 
function, tissue oxygenation and resistance, and 
balance and gait training. 

After conventional treatment, the patient 
had not gained any signi� cant functional 
recovery post PT, based on the considered 
outcome measures (Table 1). One month later, 
she underwent treatment with speci� c RAGT, 
combined with PT for two months. Speci� cally, 
the patient was provided with three weekly RAGT 
sessions (24 rehabilitation sessions) and PT to 

TABLE 1. Motor outcome evaluated at baseline (T0), after the conventional treatment (T1), after one month of rest 
following the conventional treatment (T2), and after the combined approach (T3).

AREA T0 T1 RCI
T0-T1 T2 T3 RCI

T2-T3
MI right lower limb 81 85 -3.1 84 100 -12
MI left lower limb 66 63 -5.5 65 77 -8.6
Tinetti_Balance 4 6 -4.4 4 11 -14
Tinetti_Gait 3 5 -4.1 3 7 -8.2
MAS 8 7 2.2 8 4 8.9
810MWT(s) 21.2 19.8 Ns 21.2 14 2.4
6MWT 20.3 19.9 Ns 20.4 25.3\2 -3.9
FIM_total 74 78 -3.7 72 88 -13
FIM_cognitive 22 23 Ns 21 25 -2.8
FIM_motor 52 55 -2.8 53 63 -10
FIM: Functional Independence Measure; MI: motricity index; RCI: Reliable Change Index
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potentiate the residual functional abilities. In each 
RAGT session, which lasted about 45 minutes, 
the patient was required to walk straight forward 
with the provision of the visual feedback of the 
RAGT virtual reality games.

The RAGT module used to treat the patient 
is a robotic device consisting of a motorized 
gait orthosis with computer-controlled linear 
actuators integrated into each hip and knee joint, 
a body-weight support system (BWS), and a 
treadmill. Gait and driving force were adjusted 
according to the patient's needs to optimize 
functional training on sagittal, frontal, and 
transverse planes. The applied free-D module 
allowed pelvic rotation and weight shifting with 
a physiological gait. The system also assessed 
the rigidity of the patient's hips and knee joints 
and the isometric force exerted, respectively, by 
the hip and knee extension from the L-STIFF and 
LFORCE software module. The feedback module 
enhanced by the virtual reality screen provided 
instructive, stimulating, interactive, and direct 
stimuli to the patient while walking, projecting 
the results of the exercises on a display to improve 
patient motivation and fostering motor and 
cognitive recovery. The exercises were mainly 
based on activities in which the patient had to 
collect and/or avoid objects randomly distributed 
in the virtual environment. The exercises were 
adapted to the motor and cognitive abilities and 
to the speci� c needs of the patient, obtaining 
personalized feedback. The BWS was initially 
set at 80 percent, and gradually reduced to 20 
percent. Treadmill speed was initially set at 0.19 
meters/second, to ensure greater perception 
of load on lower limbs and greater awareness 
and continuous correction of the gait cycle, 
according to the RAGT device manual. The 
speed was gradually increased to reach the one 
perceived as comfortable by the patient (max. 
0.5 m/s). The conduction force of the device 
was varied symmetrically for the right and left 
lower limbs, starting from 100 percent to 40 
percent. Therefore, the RAGT parameters were 
kept constant through the sessions. The vital 
signs were monitored continuously during the 
sessions and, after each RAGT, the patient was 
allowed to rest for 10 minutes. At the beginning 
of each session, the patient underwent a 5- to 
10-minute period of adaptation to the device 
according to the user manual. This included the 
correct positioning of the straps and cu� s, the 
alignment in an acceptable range of movement, 
consideration of the RAGT parameters, time 

required to reach the maximum tolerated BWS 
daily, the duration of the walk, the walking speed, 
and the driving force of the device supplied to 
each leg.

The PT was always carried out before the RAGT 
sessions but after at least one hour of rest, and 
was performed with the same modalities. At the 
end of the training, the patient was asked to rate 
the experience with the device using a 10-point 
Likert scale.

OUTCOME MEASURES
The outcome measures were as follows:

1. Motricity Index to measure strength in 
upper and lower extremities28

2. Six Minutes Walking Test (6MWT) to 
measure the integrated global response 
of multiple cardiopulmonary and 
musculoskeletal systems involved in 
exercise, providing information on 
functional capacity, response to therapy 
and prognosis across a broad range of 
chronic conditions29

3. Tinetti Scale to measure gait and 
balance30

4. Modi� ed Ashwort Scale (MAS) to 
measure resistance during passive 
soft-tissue stretching, thus measuring 
spasticity31

5. Ten Meters Walking Test (10MWT) to 
assess walking speed in meters per 
second, functional mobility, gait, and 
vestibular function over a short distance32

6. Functional Independence Measure 
(FIM) to explore individual's physical, 
psychological and social functions in 
response to rehabilitation or medical 
intervention33

These outcome measures were administered 
at baseline (T0), after PT (T1), after one month 
of rest following the PT (T2), and after the 
combined approach (T3). The primary goal 
was to obtain a signi� cant improvement in 
gait speed, endurance, and balance (as per the 
Reliable Change Index, RCI) at the end of PT 
and RAGT rehabilitation protocol. The boundary 
value for statistical signi� cance within the RCI 
was ≥1.96 (1.96 equates to the 95% con� dence 
interval [CI]). 

RESULTS
The patient completed the training without 

side e� ects and found the device useful and 

motivating (8/10 Likert Scale). At baseline (T0), 
the motor evaluation showed a reduced gait 
velocity and endurance and an impaired balance; 
the patient required a consistent time to complete 
the 10MWT. The FIM scale showed a moderate 
assistance level. At the end of PT (T1), we found 
a mild, nonsigni� cant improvement in all the 
outcome measures, except for the 6MWT and the 
cognitive item of the FIM scale. At the end of the 
1-month period of rest (T2), she got the same 
scorings at T0. After two months of the combined 
approach (PT plus RAGT sessions) (T3), the patient 
showed signi� cant improvement in all outcome 
measures.

DISCUSSION
To the best of our knowledge, this is the � rst 

case of RAGT in a patient with PLS. Our combined 
approach induced a more evident improvement 
in walking, balance, and lower-limb muscle 
strength and spasticity compared to PT alone, 
thus reducing the overall disability burden. To 
date, many studies have shown robotic devices 
to be useful in treating several neurological 
diseases.14-17,34,35 However, few studies have 
focused on rare neuromuscular disorders.7,21-24

PLS exclusively involves the upper motor neurons. 
Physiotherapy, including muscle stretching, 
balance and gait training, and occupational 
therapy, may reduce muscle atrophy, improve 
endurance, and counterbalance the negative 
e� ects induced by the neurodegeneration 
process by potentiating the cardiovascular, 
respiratory, endocrine, musculoskeletal, and 
immune systems. A recent study carried out 
on patients with ALS showed that a strictly 
monitored exercise program might signi� cantly 
slow motor wasting and weakness processes.7

The incomplete activation of muscle � bers due 
to the progressive impairment of motor neuron 
recruitment with a concomitant impaired 
oxidative function explains patient fatigue, which 
is correlated to muscle wasting.36 RAGT may be 
considered a valuable tool to improve muscle 
force and slow neuromuscular deterioration due 
to the ability to administer aerobic exercises in a 
controlled manner. The e�  cacy of neurorobotics 
in improving motor function depends on the 
high frequency and intensity of repetition of 
task-oriented movements, resulting in motor 
learning.9 In particular, with the addition of 
robotic exoskeletons, therapists are able to treat 
patients with lower extremity weakness or 
paralysis more safely and e�  ciently, allowing 
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them to perform high-frequency robotic-assisted 
stepping that resembles normal gait pattern 
more e� ectively than PT gait training. Given that 
RAGT has been demonstrated to be less energy 
demanding due to the BWS, this approach may 
postpone the onset of fatigue and allow longer 
training sessions of repeated task-oriented 
practice.37 In addition, RAGT has been reported 
to be less cardiorespiratory stressful for aerobic 
training. These results may also provide support 
for the safe use of RAGT in neurological patients 
with cardiorespiratory problems.37

As shown in a previous study, exoskeletons 
could be useful to recover mobility in people with 
neurological impairment due to central nervous 
system (CNS) diseases (i.e. stroke, owing to 
mechanisms of brain plasticity and connectivity 
remodulation that are speci� cally targeted
by the robotic device).14 Thus, rehabilitation 
techniques targeting motor systems could be 
bene� cial in improving gait capacity in patients 
with neurological disorders, including MND. 
Moreover, neuroplasticity mechanisms have been 
linked to improvements in motor functioning 
in patients with myotonic dystrophy Type 1, 
further suggesting that robotics may also boost 
neuralplasticity in neuromuscular disorders.16 Our 
patient was provided a combined conventional 
and robotic rehabilitative approach to further 
enhance the neuroplasticity mechanisms, by 
harnessing motor learning processes, through 
concomitant use of virtual reality. Providing 
patients with an online feedback (visuomotor in 
particular) is believed to be essential in triggering 
sensorimotor areas in the mirror neuron system. 
This has a striking importance concerning 
both motor imitation and (re)learning.14 The 
simple exposure to a video containing motoric 
sequences potentially reactivates the residual 
damaged cortical motor neurons.39 By repetition, 
mirror neuron system activation is thought to 
improve movement recovery by reinforcing the 
motor circuits responsible for the execution of 
the observed actions.15,38 Mirror therapy may 
in� uence the neural circuitry that reprograms the 
motor act by the visual guidance of consistent, 
simple illusory movement of the avatar in the 
virtual reality environment or, more likely, by 
the visual guidance of the mismatch between 
the movement one performs and the movement 
that is observed.38,39 Moreover, we hypothesize 
that the RAGT counterbalanced the deregulation 
of the central pattern generator that follows the 
deterioration of the corticospinal tract with the 

prevalence of the "nonpyramidal" descending 
pathways. This may be relevant to the increase or 
decrease of the amplitude of the monosynaptic 
stretch re� ex in response to an imposed muscle 
lengthening, indicating some degree of learning 
in the spinal cord (i.e. spinal intelligence).39 We 
can only speculate on such an issue because we 
did not perform a gait analysis. Furthermore, the 
bene� cial e� ects raised by the RAGT might be 
mediated by inhibiting oxidative stress due to the 
corticospinal degeneration, as the RAGT favors the 
oxidative metabolism.40

Even though our data are promising concerning 
functional ambulation outcome in PLS, the 
natural course of MND raises caution to generalize 
our � ndings and suggest the use of RAGT in 
patients with PLS. Patients with neuromuscular 
diseases should be trained more intensively with 
RAGT at the beginning of the disease when their 
physical condition is better. A gradual reduction 
of RAGT intensity up to the use of di� erent robotic 
and substitution devices should be applied as 
patient condition progressively deteriorates. 
This is in the opposite direction of the training 
we usually apply in acquired brain injury, where 
intensity and functional challenge increase as 
the patient improves.16 Future studies on larger 
patient cohorts are needed to con� rm our 
results and evaluate the long-term e� ects of this 
promising combined approach to realize the best 
patient-tailored rehabilitation protocol.
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