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Multiple Sclerosis (MS) is a chronic, incurable disease of the central nervous system that is also one of the most
common causes of disability among young adults. Despite available pharmacological treatments, the patients
often require ongoing, supervised rehabilitation. Thus, therapists are constantly searching for new, effective
ways of improving functional performance and quality of life without frequently visiting medical centers. One
of the most promising methods is remote telerehabilitation enhanced with an immersive augmented reality
(AR) interface. Here, we investigated the effectiveness of using a commercially available AR system in MS
patients’ treatment. To evaluate such an approach to rehabilitation, we conducted a medical study with 30 MS
patients undergoing immunomodulatory treatment. In this study, we evaluated the influence on the patients’
upper limbs’ hand grip strength and efficiency of the patients’ upper limbs. In addition, we also analyzed the
level of neurotrophins to assess the potential impact of the training on the brain plasticity process. Our results
show that rehabilitation enhanced with AR significantly improves the strength and efficiency of the patients’
upper limbs. Furthermore, we further infer that AR-enhanced systems are a promising possibility of training
without leaving home.
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1 INTRODUCTION
Multiple sclerosis (MS) is a chronic, autoimmune disease of the central nervous system. MS com-
monly occurs in patients between the ages of 20 and 40, of which females suffer from two to three
times more often than males [11]. MS is a global disease with its highest prevalence in Western
Europe, North America, and Australasia, with an incidence greater than 100 per 100,000 inhabitants
[12]. The most common subtype of MS is relapsing-remitting multiple sclerosis (RRMS), accounting
for approximately 85% of all cases. The illness leads to progressive physical and mental disability.
The most common deficits in the course of MS include motor disability, visual impairment, cognitive
decline, and sphincter disorders [11]. All these ailments lead to progressive limitations in everyday
functioning, professional absenteeism, and social exclusion. Thus, even the slightest amelioration of
the patient’s health or mitigation of the MS symptoms can bring a tremendous amount of comfort
and relief.

Apart from the available pharmacological treatment, specialist rehabilitation plays an essential
role in the treatment process. The use of an appropriately selected set of exercises can lead to
the improvement of motor skills as well as limited recovery of cognitive functions by inducing
neuronal plasticity [25]. However, traditionally, patient rehabilitation takes place in hospitals and
other medical facilities under the constant supervision of a physiotherapy expert. Due to limited
healthcare resources additionally constrained by pandemic prevention regulations limiting access
to in-person therapy, sustaining such an approach is challenging, especially with the continuously
growing number of people suffering from MS [50]. Therefore, it is critical to carry patient training
outside of the clinic environment, which in turn, can expedite the rehabilitation process [47].

As a result, medical researchers and practitioners are constantly looking for new tools in slowing
down disability caused by MS. Here, one of the relatively unknown, yet, already promising methods
is the usage of so-called telerehabilitation in MS treatment [29]. The term itself encompasses various
technologies used to conduct parts of patients’ rehabilitation using telecommunication networks.
Such remote rehabilitation program is consulted and assigned by a medical practitioner who
supervises and tracks the patient’s progress online with the help of an electronic feedback system
[45]. Recently, one of the newest waves of such systems is enhanced with immersive interfaces
such as augmented reality (AR) [39, 43, 44]. AR is a technology that allows for blending digital
artifacts into the user’s field of view. Such digital objects can be interacted with in many ways,
including gaze-tracking, hand-tracking, and gesture recognition.

To this end, in this work, we are using commercially available technology to assess the effects of
applying an AR-based interface in the remote rehabilitation ofMS patients.We used theNeuroforma1

AR system, in which the user sees a real-time reflection on the screen. This view is augmented with
additional digital artifacts (see Fig. 1–2). Such an approach to realizing the AR interface, although
not yet common, is currently an active field of research [27]. The system can track the user’s
gestures and detect whether and how the user engaged with the system. Thus, allowing for the
tracking of the therapy’s progress. The physiotherapist remotely supervising the rehabilitation
process sets an individual rehabilitation program, i.e., selects the type and number of exercises, the
number of rounds (exercise time), and the range of motion. In the online version of the system, the

1https://www.neuro-forma.com/
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Fig. 1. (a-b) Machine: The patient has to press the white lights. When tapped with both hands, the lights
turn green, whereas it turns yellow if one light is touched, it turns yellow. The patient loses points when
pressing the red light. This exercise is designed for bilateral, symmetrical, and asymmetrical movements of
the upper limbs. In addition, (1) marks the exercise timer, whereas (2) shows the current patient’s score. Both
the timer and score are visible to the patients in each exercise. (c-d) Chestnuts: The patient collects chestnuts
that appear on the screen. This exercise is designed for the training of upper limbs. (e-f) Track: The patient
is following the car with one hand along the designated track, which is also an exercise designed for the
rehabilitation of the upper limb.

physiotherapist receives a notification that the patient has not exercised for more than 48 hours and
can send a reminder in the form of a text, sound, or video message. Both the patient and therapist
receive an automatic email notification about the message being delivered. We used this system
to carry out a clinical study, which confirmed the effectiveness and potential benefits of using
AR-based systems in the rehabilitation of MS patients.
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Fig. 2. These three exercises are also designed for upper limb training. (g-h) Butterfly : Here, the patient has
to follow a butterfly with a single hand. (i-j) Wiper The patient wipes the stains with of the hands. (k-l) Paths:
The patient follows the movement of balloons with both hands along the designated paths. If patients remove
a hand from the corresponding balloon turns red, and when only one balloon is touched, it turns yellow.

2 RELATEDWORK
The idea of rehabilitation carried out with the help of digital technologies is gaining traction and
interest over the recent years [19, 39, 54]. Furthermore, the present-day mass-market adoption of the
immersive technology brought new promise related to the application of such interfaces to patient
rehabilitation [10, 38, 41]. Previous works often remark about the potential and advantages of
immersive technology to provide tools, and environment for home-based rehabilitation [10, 45, 49].
The computer system can almost entirely supervise such a process, and an expert would periodically
assess only the treatment results. Over the past two decades, there have been several studies
concerning telerehabilitation facilitated with immersive interfaces.

J. ACM, Vol. 0, No. 0, Article 0. Publication date: August 2022.
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For instance, an AR-based system for hand movement rehabilitation was proposed by Shen et
al. [43, 44]. Here, the authors used gloves for the acquisition of patients data, whereas the AR
interface provided visual feedback and additional stimuli to the patients. A specially designed glove
was also used by Lipovský et al. [28] for the self-hand rehabilitation process. Other authors [1, 26]
used Virtual Reality (VR) as a means of upper limb prosthetic rehabilitation. There are many more
examples of immersive interfaces [3, 31, 45] being used in the recovery of motor functions of the
patient’s upper limbs, which typically involve some form of arm stretching and grabbing [28, 45].
Similar approaches were used in the case of stroke which was another frequently researched subject
[8, 15, 18–22, 28, 40, 45, 46, 48].

Other fields of immersive interfaces applications were rehabilitation in cerebral vascular accident
(CVA) [2, 47], cerebral palsy [6, 9] and even rare diseases [17].

Relatively little, however, has been done to date regarding the treatment of patients with MS
by the means of immersive technologies. One example of a such system for MS rehabilitation
was given by Lozano-Quilis et al. [30]. Their REMOVIEM system used the Microsoft Kinect for
tracking the patient’s movements when conducting exercises. However, the paper did not include
the results of the planned user studies. The Kinect was also used as means of interaction by Desai
et al. [10] researching game-based exercise in rehabilitation. Here, the usability and playability of
the developed solution were tested in a small qualitative study with healthy adults. The results of
this study were in favor of the exergames approach to rehabilitation. In addition, both these papers
discussed and motivated the selection of particular exercises and commented on the feasibility of
using exergames in rehabilitating patients suffering from MS and other forms of motor disabilities
[10, 30]. In contrast to these prior works, we had carried out and reported on the results of
a qualitative clinical trial study involving MS patients undergoing treatment. In addition, the
Neuroforma system used in our study does not rely on Kinect or any other separate trackers.

3 EXPERIMENTS
3.1 Rehabilitation in Augmented Reality
The patients from the study group exercised at home for four weeks, five times a week with twenty
specially designed treatment sessions in total. Each session lasted between 40 to 45 minutes per day.
There was also the possibility for the patient to take breaks during the exercise. On the monitor,
the patient is able to see the mirror image streamed from a camera overlaid with virtual objects
(see Fig. 1–2). The patient’s task is to move to designated points or follow a virtual object, e.g.
along designated paths (see Fig. 1–2). The user also receives additional visual and audio feedback
informing them whether they are completing the tasks properly. Before each exercise, the correct
posture and setting of the patient are verified. However, if the automatic calibration fails, the
exercise will be started anyway.

All patients received the same set of eight exercises related to the function of the upper limb (see
example tasks in Fig. 1–2). Each of these exercises had to be performed for at least 4 minutes. Two of
the planned tasks Butterfly andWiper were designed especially for unilateral arm movement of the
weaker limb as seen in Fig. 1(g-h) and Fig. 1(i-j) respectively. Whereas the remaining exercises were
designed to be performed using bilateral arm movement. For safety reasons, e.g., no physiotherapist
protection, the patients performed all exercises in a sitting position. The system automatically sent
online the reports from the exercise session to the supervising medical expert.

3.2 Participants
We recruited the participants from the Department of Neurology and Stroke at the University
Clinical Hospital Military Memorial Medical Academy - Central Veterans’ Hospital of Łódź. Out of
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Table 1. The clinical parameters measured during the course of the study with the statistically significant
results marked in bold.

Study group (N=15) Control group (N=15) p-value
Age (years) 38.33 ± 7.61 41.40 ± 4.61 0.1951
Age of MS diagnosis 30.07 ± 8.43 34.80 ± 5.56 0.0818
Disease duration (years) 9.93 ± 5.42 9.60 ± 4.34 0.8539
Female 11 11
Male 4 4

the 30 patients with RRMS enrolled in the study, 22 were female and 8 were male. Our inclusion
criteria included the diagnosis of MS according to the 2010 McDonald criteria [37], currently
receiving immunomodulating therapy (drugs like glatiramer acetate, natalizumab, fingolimod,
interferons, dimethyl fumarate), no relapse of MS within 30 days before the commencement of the
study, and finally, the possibility of giving written, informed consent to participate in the study.

On the other hand, the exclusion criteria were significant cognitive impairment, significant visual
acuity impairment, simultaneous participation in another rehabilitation or medical experiment,
and orthopedic disorders in the upper limbs that prevented participation in the study. Moreover,
we excluded patients with muscle strength of the weaker upper limb with less than third grade
level, i.e., the patient is able to actively move the limb against gravity, in accordance to the muscle
strength scale Medical Research Council (MRC)2.

In the study group, the mean age was 38.33 ± 7.61 years, the age at onset of MS was 30.07 ± 8.43
years, and the duration of the disease was 9.93 ± 5.42. Whereas, in the control group, the respective
characteristics were as follows: 41.40 ± 4.61 was the mean of the ages of the patients, 34.80 ± 5.56,
and 9.60 ± 4.34 were the means of the ages at the time of diagnosis of MS as well as the length
of time since diagnosis of MS, respectively. As can be seen, the participants from both groups
in the study did not differ significantly in terms of age, sex, and duration of symptoms. Detailed
characteristics is shown in Tab. 1.

3.3 Experimental Design and Tasks
All the patients routinely visited the MS Outpatient Clinic once a month which is a standard
procedure for their stages of MS. Our experiment was set up to cover the time between those
routine appointments.
The patients included in the study group performed training with the use of AR for four con-

secutive weeks. They were provided with an online link to download and install the Neuroforma
software on their personal computers and laptops. To be fully functional the system only required
a camera as an input device and a screen to present AR content together with output of users
movements.

Whereas, the participants in the control group did not undergo rehabilitation with the AR system.
Instead, they were advised to exercise independently at home and to include both hands in everyday
activities. Due to the SARS-CoV-2 epidemic, frequent visits to the clinic could be associated with a
higher risk of infection. Therefore, it was not possible to monitor the correctness of the exercise
performed by patients from the control group or even to confirm without a doubt that the patients
did execute the assigned exercises.

The patients’ upper extremity dexterity was evaluated while performing different tasks. In order
to achieve this, we used the 9-hole peg test (9-HPT) protocol [24], in which the patient’s task was

2https://mrc.ukri.org
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Fig. 3. (a) Measurement of the hand grip strength, and (b) re-movement of the balls from a box and placing
them on the tray.

to individually remove 9 pegs from the container and insert them into the board with holes, and
then remove and return the pegs to the container [34]. The 9-HPT is a standardized, quantitative
assessment tool used to measure finger dexterity of patients with various neurological disorders,
which we used to assess fine motor coordination (grasping of small objects). We designed a test
with an easier to execute task of removing 10 balls related to the ability of catching balls one-by-one,
maintaining a spherical grip, and placing the balls on the tray (see Fig. 3(b)). This test measured
the upper limbs movement velocity in a greater range motion. This test could also be used for
patients performing mass pattern movements i.e. able to control their spherical grasp even with
limited functional use. In both tests, the patient was asked to complete the task as soon as possible.
Additionally, handgrip strength, i.e., the isometric grip force in both hands, was measured with
a hydraulic hand dynamometer (see Fig. 3(a)). The participants from both groups were asked
to perform the tasks twice: at the time of commencement of the study and after the end of the
four-week-long rehabilitation cycle. Additionally, we also collected 25 [ml] of venous blood from
all the patients for the ethylenediamine tetraacetic acid (EDTA) anticoagulant diagnostic [4]. The
blood was processed according to the standard laboratory procedure i.e., centrifuged at 1800𝑥𝑔
at 20◦ Celsius for 15 minutes, the resulting plasma was aliquoted and stored at −80◦ Celsius. For
protein expression analysis, we used commercially available ELISA kits in accordance with the
protocol provided by the kits manufacturers for brain-derived nerotrophic factor (BDNF) and
platelet-derived growth factor (PDGF) (R&D Systems).

All the study participants signed an informed consent form to participate in the experiment. The
study was approved by the Bioethics Committee of the Medical University of Łódź3.

3.4 Statistical Analysis
In order to conduct our study we followed the between-subject medical trial standard practice.
Therefore, we randomly allocated the 30 MS patients into two groups: the control group with
𝑁 = 15 individuals and the study group with another 𝑁 = 15 individuals. Both groups had the
same male to female ratio of 4/11.

We performed the group allocation using random permuted blocks. First, we created a random-
ization list with balanced allocation to treatment groups using six blocks with assigned ranks from
3Consent no RNN/172/17/KE of May 16, 2017
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Table 2. The biochemical parameters measured during the course of the patients study. The data was log-
transformed.

Study group (N=15) Control group (N=15)
before after p-value before after p-value

BDNF 6.11 ± 0.87 5.86 ± 0.88 0.2535 6.05 ± 0.81 6.34 ± 0.50 0.0954
PDGF 7.25 ± 2.02 7.25 ± 0.70 0.6875 7.62 ± 0.89 7.62 ± 0.87 0.8668

1 to 6. Then, we used the pseudo-random number generator to allocate the first patient into the
block. The subsequent three same-sex patients enrolled in the study were assigned to that block.
After four patients, we repeated the procedure.

In Tab. 1, we present the means of the patients’ characteristics including their respective ages,
disease duration, and the ages of MS diagnosis. To compare differences between control and study
groups we used the t-tests/non-parametric counterpart as well as the 𝜒2-test. Next, we compared
task performance among the study groups before and after the patients underwent a four-week-
long rehabilitation program using an AR system. We used a generalized linear model (GLM) with
Tukey’s post-hoc testing, to measure the differences between the control and study groups. The
task execution time and neuromarker concentration were log-transformed. In all the tests we used
the conservative value for 𝛼 = 0.05. We carried out the analyses with Statistica and GraphPad Prism.

3.5 Results

Fig. 4. The results of the statistical analysis. The asterisks mark the statistically significant results and the
p-levels of 𝑝 ≤ 0.01. The tasks performances in the control (blue) and study groups (red). The data is shown
as means with standard deviation (whiskers). A. 9-hole peg test in weaker site; B. 9-hole peg test in stronger
site; C. Ball pulling test in weaker site; D. Ball pulling test in stronger site; E. Grip strength in weaker site; F.
Grip strength in stronger site.

J. ACM, Vol. 0, No. 0, Article 0. Publication date: August 2022.
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Table 3. Comparison of the tasks performance among the study and control groups. Statistically significant
results were marked in bold and the time data was log-transformed.

Test Group Site Before After p-value Test power

9-hole peg test (sec.)
Study Weaker 3.34±0.19 3.19±0.21 0.0002 0.5210

Stronger 3.25±0.18 3.10±0.18 0.0002 0.6098

Control Weaker 3.26±0.29 3.24±0.31 0.7418 0.0537
Stronger 3.16±0.28 3.13±0.29 0.2790 0.0593

Grip strength (kg)
Study Weaker 23.87±12.54 27.53±13.86 0.0002 0.1157

Stronger 25.87±14.03 29.67±15.86 0.0009 0.1050

Control Weaker 25.60±11.38 25.93±12.67 0.9608 0,0506
Stronger 30.13±13.78 30.00±12.46 0.9987 0.0501

Ball pulling (sec.)
Study Weaker 2.55±0.12 2.39±0.12 0.0002 0.9467

Stronger 2.47±0.13 2.35±0.12 0.0002 0.7308

Control Weaker 2.51±0.17 2.49±0.20 0.7951 0.0597
Stronger 2.45±0.15 2.40±0.18 0.0772 0.1283

Detailed results are shown in Tab. 2-3 as well as in Fig. 4. We observed no significant differences
in concentration of BDNF and PDGF in both groups (see Tab. 2). In the 9-HPT there was significant
decrease in execution times on both examined body sites (weaker and stronger) in the study group
(from 3.34 ± 0.19 [sec] down to 3.19 ± 0.21 [sec], 𝑝 ≤ 0.01 for weaker site and from 3.25 ± 0.18
[sec] down to 3.10 ± 0.18 [sec], 𝑝 ≤ 0.01 for stronger site). On the other hand, we observed no such
differences in the control group (see Fig. 4(A-B)).

Regarding the tasks of manual ball pulling, the study group performed significantly better (from
2.55 ± 0.12 [sec] down to 2.39 ± 0.12 [sec], 𝑝 ≤ 0.01 for weaker site and from 2.47 ± 0.13 [sec]
down to 2.35± 0.12 [sec], 𝑝 ≤ 0.01 for stronger site). While the analysis of the control group results
revealed no significant differences (see Fig. 4(C-D)). We also noted that in the study group there
was a significant increase in grip strength (from 23.87 ± 12.5 [kg] up to 27.53 ± 13.86 [kg], 𝑝 ≤ 0.01
for weaker site and from 25.87 ± 14.03 [kg] up to 29.67 ± 15.86 [kg], 𝑝 ≤ 0.01 for stronger site).
Whereas, we found no significant changes in the control group (see Fig. 4(E-F)).

Lastly, we have compared task performance and strength between examined sites (weaker and
stronger) in the study group and found that there were no significant differences between weaker
and stronger site for the 9-HPT (𝑝 = 0.9), ball pulling test (𝑝 = 0.15), as well as in observed grip
strengths (𝑝 = 0.91).

4 DISCUSSION
The prior research concluded that the use of AR in rehabilitation had positive effects on the motor
efficiency of the upper and lower limbs as well as the strength and gait in patients with neurological
diseases [51–53].

In their reviews [32, 33], the authors remarked that digital exercise programs are a valuable and
motivating component of patients therapy that could be successfully applied in the rehabilitation
of patients with MS. At the same time, they emphasize that more research is needed as the prior
work in this area is mostly characterized by poor methodological quality e.g., small numbers, no
indication of the intensity of therapy, no control group, a varied or imprecise program of therapy.
In response to that need, this paper discusses the results of a medical trial with 30 patients

suffering from MS. Our study investigated the feasibility of using AR-enhanced systems in MS
patients’ telerehabilitation. Based on this study results, we remark that the remote rehabilitation

J. ACM, Vol. 0, No. 0, Article 0. Publication date: August 2022.
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cycle carried out with the help of AR system had a positive effect on the strength and efficiency of
the upper limbs of patients diagnosed with MS.
These improvements are likely related to the development of brain neuroplasticity via mirror

neurons located in the motor cortex [14]. The activation of mirror neurons occurs as a result of
performing an activity, but also during observation of an activity performed by another person
[7]. In our study we did not find that using rehabilitation with immersive interface is related to
significant changes in serum neurotrophin levels (BDNF, PDGF) which is consistent with current
literature data [5, 35, 42]. However, a recent study with stroke patients undergoing 5-8 weeks long
VR-based treatment coupled with standard therapy has revealed changes in their neuroplasticity
[16]. The lack of observable findings may be related to the duration of our study, which in our case
may be too short (4 weeks) to result in any noticeable effects and was not conjunct with regular
occupational therapy.
In the current research, there are no similar studies assessing AR training with its effect on

the level of plasma neurotrophins. Further work is required to evaluate other neurotrophins on
their potential activity on brain plasticity. Thus far, our research is one of the first steps towards
assessing the effectiveness of immersive interface in rehabilitation of MS patients in relation to
plasma neurotrophins. Moreover, the observed improvements are of particular importance to
patients as MS is currently considered incurable and the medical therapies are aimed to only delay
or minimize the onset of symptoms or the development of the disease.

4.1 Limitations
The experimental results must be analyzed with caution as there were certain limitations imposed
by the current epidemiological situation related to severe acute respiratory syndrome coronavirus
2 (SARS-CoV-2). For instance, to minimize the potential contamination and spread of SARS-CoV-2,
all the exercises were assigned to be carried out in the respective patients’ houses. Due to this,
only the patients from the study group that were using the immersive telerehabilitation systems
were continuously monitored, as the system recorded and sent their individual exercise reports
to the researchers. However, in the case of the control group, there was no possibility of tracking
and supervising how the participant conducted their assigned tasks. Hence, the patients from
the control group may have performed assigned exercises incorrectly, carried out an insufficient
amount of task repetitions, or not exercised at all. As such, the results of the groups’ comparison
should be interpreted as the difference between the patients undergoing rehabilitation and those
who did not undergone similar treatment. Furthermore, as we tracked the exercises execution in
the study group, we can assess the progress of the patients using the remote AR rehabilitation
system in comparison to the control group members.
Moreover, as MS is a heterogeneous disease with a fluctuating course, often depending on the

individual patient [23]. Frequently, the clinical state of the disease is significantly different in
patients of similar age, duration of MS symptoms, and similar radiological advancement of changes
in the central nervous system [13]. This creates particular difficulties in selecting patients for the
study and in the final evaluation of the results. Considering the fluctuating symptoms of MS, it
seems necessary to reassess the patients after some time has passed.

5 CONCLUSION
Multiple sclerosis still remains an incurable disease, that leads to progressive physical and mental
disability of patients. Besides the currently available medication, an important role in patients
treatment is played by rehabilitation. A carefully designed and executed rehabilitation plan can
result in an improvement of a patient’s motor skills as well as the betterment of cognitive functions
by inducing neuronal plasticity [25]. Recent work has shown, that changes in the concentration of
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brain plasticity biomarkers is responsible for further development of brain plasticity [36]. Recent
results also suggest that an immersive environment such as VR can influence the levels of patients’
neurothropins [16]. However, our analysis has shown no such changes among the MS patients
undergoing AR-based treatment.
Since current treatment regimens can only delay or temporarily mitigate MS symptoms, it

becomes even more important to determine which forms of therapy and rehabilitation could induce
brain plasticity. Thus, slowing down the patient’s disability is vital issue.
In this context, one of the relatively new, but already very promising methods is to apply

immersive systems in MS patients’ rehabilitation [32]. The use of remote immersive tools such
as the one presented in this study, is particularly advantageous and convenient for patients with
motor disabilities, as they can benefit from rehabilitation without having to leave their homes.
Moreover, previous studies found that the use of immersion interfaces in rehabilitation, in particular
in combination with gamification elements, has a positive effect on the development of patient
involvement and motivation for further exercise [53]. In the life-long rehabilitation of the patients
suffering from MS, their motivation and willingness to carry out assigned exercises can have a
profound impact on their daily lives.
In conclusion, the results of our study indicate that the four-week telerehabilitation cycle con-

ducted with an AR-enhanced system, improves the function of the upper limb and increases the
handgrip strength, but does not increase the level of tested neurotrophins. Nonetheless, this form of
therapy can be a valuable complement to a rehabilitation program aimed at improving the function
of the upper limbs in patients with MS. However, to verify the effectiveness of this form of therapy,
it is necessary to conduct further studies on a larger group of patients.
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