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Abstract: Robotic-assisted therapy (RAT) is a task-specific approach for treating gait disorders in
individuals with neurological impairments. However, the effectiveness of RAT is not clear for differ-
ent severities of involvement, pathologies, and ages. This study aimed to assess the functional and
clinical status outcomes after RAT in individuals with cerebral palsy (CP). Twenty-eight individuals
with bilateral spastic CP were enrolled (female = 10; male = 18; age = 15.2 ± 2.0 years). The RAT
program consisted of 30 sessions: five sessions weekly for six weeks. Gross Motor Function Mea-
sure (GMFM) and clinical physical examinations were evaluated before and after RAT. Our results
suggested that the RAT program with the described protocol can improve the general gross motor
functions of individuals with CP in Gross Motor Function Classification System (GMFCS) levels I
and II, and primarily improves performance on less complex GMFM items for those in GMFCS levels
III and IV. The lower baseline functional level was related to a greater functional improvement. Older
individuals were noticed to improve more in GMFM dimension D. Regarding impairments evaluated
by clinical examinations, no change was found after RAT intervention. It is worth mentioning that
the strength of knee muscles was not affected either.

Keywords: cerebral palsy; robot-assisted therapy; gross motor function

1. Introduction

Cerebral palsy (CP) is a non-progressive damage of the immature brain, which mani-
fests by complex impairment. Weakness, reduced selective motor control, and spasticity,
among other symptoms, affect the motor function ability of patients. The heterogeneity of
this disease being caused by injury to the brain’s motor system leads to infinite combina-
tions of clinical symptoms. Consequently, individuals with neurological deficits present
various degrees of disability that interfere with their function and daily life activities [1].

The primary treatment goal for children with CP is to facilitate the individual’s
ability to perform activities in daily life [2,3]. The relationship between motor impairment,
function, and clinical status has a fundamental impact on therapy outcomes. Choosing
the appropriate therapy for these individuals is very challenging. Treatments must be
based on each individual’s needs, abilities, and limitations. Treatment goals should meet
subjective aims and at the same time take into consideration the restrictions resulting from
neurological impairments, functional deficits, and body deformities.

Robotic-assisted therapy (RAT) is a relatively new method of treatment for patients
with neurological impairments originally developed and applied as an advanced task-
specific approach for treating gait disorders. The advantages of RAT are the ability to
adjust therapy to individual requirements and to modify therapy programs to fit each
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individual’s demands [4]. Robot-assisted gait training and computer-assisted systems
allow different degrees of body weight support, maintain the appropriate alignment of
body segments, and provide movement guidance to the joints [5,6]. It was also proven that
RAT has a positive impact on some functional aspects, including walking and standing
ability and muscle strength [1,7], and gait training can be conducted more effectively than
conventional therapy [3,8]. However, the effectiveness of RAT is not clear for different
severities of involvement, pathologies, and ages [9–11].

Previous studies focused mainly on functional changes after RAT [11–16] and were
based on a wide range of outcome measures, equipment, and patient profiles [6,9,11,17].
We are not aware of any study which investigated changes in presentations evaluated by
clinical examinations after individuals with CP were treated by RAT. Moreover, it is not
clear which groups of individuals may benefit the most from this type of therapy. The
impact of the pre-interventional condition of an individual on the final effects of therapy is
not clear either.

The primary aim of the study was to assess the changes in the functional and clinical
status of patients with CP after RAT. The secondary aim was to assess the relationship
between the baseline condition of an individual and the short-term outcomes of RAT.
To achieve the aims, changes in function were assessed with the Gross Motor Function
Measure (GMFM); clinical status was assessed with clinical examination consisting of
passive joint range-of-motion (ROM), spasticity, and selectivity tests; and muscle strength
was assessed both manually and instrumentally.

2. Materials and Methods
2.1. Participants

In total, 28 individuals with bilateral spastic CP were enrolled (female, N = 10;
male, N = 18; age = 15.2 ± 2.0 years; range: 11.9–18.8 years, height: 162.7 ± 8.6, weight:
55.6 ± 8.8).

Patients were recruited from the Technology-Based Therapy Department of the local
rehabilitation hospital. Inclusion criteria were: (1) ability to apply exoskeleton: 150 cm or
more, no severe lower limb joint contracture preventing its use (knee flexion contraction
no more than 12◦, hip joint range of motion at least 60◦ of flexion and 5◦ of extension);
(2) ability to follow oral instructions; (3) vision and mental health allow understanding
virtual reality tasks; and (4) functional level enabling RAT (GMFCS level I–IV). Exclusion
criterion was: received surgery or botulinum toxin injection within the last 6 months before
the examination. Participants were divided into two groups based on their ambulatory
function classified by GMFCS: group 1—independent ambulators (GMFCS level I, N = 11;
level II, N = 8; sex: female, N = 7; male, N = 12; age = 15.2 ± 2.0 years; age range:
11.9–18.8 years, height: 164.5 ± 8.6 cm, weight: 55.9 ± 9.2 kg); group 2—dependent
ambulators with assistive devices (GMFCS level III, N = 5; level IV, N = 4; sex: female,
N = 3; male, N = 6; ag e= 15.2 ± 2.0 years; age range: 11.9–18.8 years; height: 158.8 ± 8.6 cm;
weight: 54.8 ± 8.5 kg).

The appropriate Institutional Review Board approved the study. Written consent was
acquired from all participants. For participants under the age of 18, consent was obtained
from a parent or legal guardian.

2.2. Protocols

The therapy program was based on RAT, which consists of 30 sessions: five therapeutic
sessions per week for six weeks, with a two-week break every two weeks. The first session
was primarily for the assessment procedure, adjustment of the equipment, and determining
the endurance and dosage for each individual. Based on data collected from each piece
of equipment, the individual baseline for each patient was established. Along with the
therapy progress, the dosage, amount of support, and level of difficulty were adjusted for
each patient based on feedback and the real-time data collected.
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At each session, the participant underwent gait training (with exoskeleton and tread-
mill) and balance training (on stabilometric and dynamographic platforms) according to
the following therapeutic schedule (Table 1):

Table 1. RAT therapeutic schedule for RAT.

10 Min on Gamma VAST (AC International East, Knurów, Poland):

• Analysis of load distribution between left and right sides of the bodyside (for balance training).
• Create individual training difficulty by the real-time biofeedback.

5-Min break

10 Min on Alfa VAST (AC International East, Knurów, Poland):
• Dynamic analysis of center of pressure displacement.
• Training of balance according to the amount of displacement.

10-Min break

45 Min of EksoGT (Ekso Bionics, Richmond, CA, USA):
• Analysis of required support of each lower limb joint.
• Customized gait training with different levels of support.

The training starts from a shorter period (10 to 15 min). Depending on endurance, the usual walking time range from 30 min to 1 h.

15-Min break

2 × 15 Min on Zebris THQ-M-3i Treadmill (zebris Medical GmbH, Isny im Allgäu, Germany):
• Analysis of spatiotemporal gait parameters and endurance.
• Virtual reality training for walking balance and gait.

5-Min Break

The whole therapy program was performed under the supervision of two physical therapists experienced with RAT.

2.3. Assessment Protocol

Patients were evaluated at two time points: before RAT and at the last day of RAT.
Each evaluation session consisted of:

2.3.1. Functional Assessment

(a) Gross motor function: the 88-item GMFM (GMFM-88) was tested according to the
instruction manual [18].

(b) Ambulatory function: the GMFCS was used to classify individuals with CP into five
levels of ambulatory ability, where level I means independent walking with minimal
limitation and level V means no ambulation ability.

2.3.2. Clinical Assessments

(a) Strength: manual muscle test (MMT) grading muscle strength from 1 to 5 was used.
Standard positions and procedures for MMT were applied for the following muscles:
hip flexors, hip extensors, knee flexors, knee extensors, ankle dorsiflexors, and the
ankle plantar flexors of each lower limb [19].

(b) Muscle tone impairment: the modified Ashworth scale (MAS) and the Tardieu scale
were used to assess the spasticity of hip flexors (HF), rectus femoris (RF), hamstrings
(HS), and plantar flexors (PF). Standard examining positions and procedures were
applied [20,21].

(c) Selective motor control (SMC): SMC of the hip, knee, and ankle were graded from 2
(completely isolated of movement) to 1 (partially isolated movement) or to 0 (lack of
ability to perform isolated movement) [22].

(d) Passive range of motion (ROM): measured with a manual goniometer in standard
positions and procedures for hip, knee, and ankle joint of each lower limb in all three
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anatomical planes; the Thomas test, unilateral and bilateral popliteal angle test, and
hip anteversion angle were also measured [19].

2.3.3. Instrumental Strength Assessment

Isometric strength of knee flexors (HS) and knee extensors (RF) was tested using
Biodex System (Biodex System 4 Pro; Biodex Medical Systems, Inc., Shirley, NT, USA).
Maximal muscle strength was defined as the highest peak torque (Nm). The test was
conducted in the standard positions and procedures [23].

2.4. Data Analysis

Calculations were performed using Statistica version 13 (TIBCO Software Inc., Palo
Alto, CA, USA) and PQStat (PQStat Software, Poznań, Poland). The level of significance
was set at α = 0.05. The normality of the distribution of variables was tested using the
Shapiro–Wilk test. To test the changes over time, for the continuous parameters, the paired
t-test (in cases of compliance with the normal distribution at both time points) or the
Wilcoxon test (in case of non-compliance with the normal distribution) was calculated. The
McNemar or Bowker symmetry tests were calculated for categorical variables. To investi-
gate the relationship between the variables, the Pearson linear correlation or Spearman’s
rank correlation coefficients were calculated. The Mann–Whitney test, unpaired t-test,
or Cochran–Cox test were calculated to compare variables between groups. A post-hoc
power analysis was performed on the improvement of outcome measures with the final
sample size.

2.5. Outcome Measures

The primary outcome measures were the changes in all assessed parameters calculated
as differences between the first and the second examination of each participant. We
analyzed the following:

• GMFM-88 total score: achieved percentage of the total possible score;
• Clinical examination: range of motion measured in degrees by manual goniometer;
• Motor impairments (weakness, lack of SMC, spasticity): changes in the severity

of symptoms.

3. Results
3.1. Functional Assessment

We found a statistically significant improvement in gross motor functions assessed by
GMFM both in total score (p < 0.01) and in each specific dimension (dimension A: p < 0.01;
dimension B: p = 0.02; dimension C: p < 0.01; dimension D: p < 0.01; dimension E: p < 0.01).
The same analysis was performed based on the ambulation ability. Individuals in group 1
showed statistically significant changes in GMFM total score (p < 0.01) and in all GMFM
dimensions (dimension A: p = 0.04; dimension B: p = 0.03; dimension C: p = 0.02; dimension
D: p < 0.01; dimension E: p < 0.01) (Table 2). In group 2, the improvement was shown
in the GMFM total score (p < 0.01); however, significant changes were observed only in
dimension A (p = 0.03) and dimension C (p = 0.01) (Table 2).

3.2. Clinical Assessment

There were significant changes in bilateral popliteal angle (p = 0.01) and Thomas test
(p = 0.04). We didn’t find any significant changes in spasticity and selectivity in any of the
examined muscles or joints (Table 3).

3.3. Instrumental Strength Assessment

Instrumental assessment of muscle strength did not show significant changes in the
strength of the knee flexors (p = 0.05) or knee extensor muscles (p = 0.46) after RAT (Table 4).
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Table 2. Changes in functional assessment between visits (t1: before therapy; t2: after therapy).

All Groups Group I (GMFCS = I and II) Group II (GMFCS = III and IV)

t1 t2 p t1 t2 p t1 t2 p
Min
[%]

Max
[%]

Mean
[%]

Min
[%]

Max
[%]

Mean
[%]

Min
[%]

Max
[%]

Mean
[%]

Min
[%]

Max
[%]

Mean
[%]

Min
[%]

Max
[%]

Mean
[%]

Min
[%]

Max
[%]

Mean
[%]

GMFM 19.93 99.44 99.44 21.63 21.63 21.63 <0.01 65.21 65.21 65.21 65.59 65.59 65.59 <0.01 19.63 19.63 19.63 21.56 21.56 21.56 <0.01

GMFM
part A 76.47 100.00 100.00 80.39 80.39 80.39 <0.01 92.15 92.15 92.15 96.07 96.07 96.07 0.04 76.47 76.47 76.47 80.39 80.39 80.39 0.03

GMFM
part B 21.67 100.00 100.00 20.00 20.00 20.00 0.02 85.00 85.00 85.00 96.66 96.66 96.66 0.03 21.67 21.67 21.67 20.00 20.00 20.00 0.26

GMFM
part C 0.00 100.00 100.00 7.14 7.14 7.14 <0.01 14.28 14.28 14.28 14.28 14.28 14.28 0.02 0.00 0.00 0.00 7.14 7.14 7.14 0.01

GMFM
part D 0.00 100.00 100.00 0.00 0.00 0.00 <0.01 61.54 61.54 61.54 61.54 61.54 61.54 <0.01 0.00 0.00 0.00 0.00 0.00 0.00 0.13

GMFM
part E 0.00 97.22 97.22 0.00 0.00 0.00 <0.01 19.44 19.44 19.44 54.17 54.17 54.17 <0.01 0.00 0.00 0.00 0.00 0.00 0.00 0.08



Brain Sci. 2021, 11, 1563 6 of 10

Table 3. Changes in clinical assessment between visits (t1: before therapy; t2: after therapy).

Parameter
t1 t2 p

Minimum [◦] Maximum [◦] Mean [◦] Minimum [◦] Maximum [◦] Mean [◦]

Hip flexion 80 80 80 85 85 85 0.53

Hip abduction 15 15 15 20 20 20 0.50

Hip internal rotation 10 10 10 25 25 25 0.18

Hip external rotation 0 0 0 0 0 0 0.87

Hip anteversion angle 15 15 15 10 10 10 0.54

Knee extension −10 −10 −10 −15 −15 −15 0.76

Knee flexion 100 100 100 100 100 100 0.05

Unilateral popliteal
angle 30 30 30 30 30 30 0.21

Bilateral popliteal angle 25 25 25 20 20 20 <0.01

Ankle dorsiflexion
(knee flexion = 0◦) −35 −35 −35 −40 −40 −40 0.56

Ankle dorsiflexion
(knee flexion = 90◦) −10 −10 −10 −20 −20 −20 0.76

Ankle plantarflexion 15 15 15 20 20 20 0.17

Table 4. Changes in instrumental strength assessment between visits (t1: before RAT; t2: after RAT).

Parameter
t1 t2 p

Minimum (Nm) Maximum (Nm) Mean (Nm) Minimum (Nm) Maximum (Nm) Mean (Nm)

Knee extension 5.5 5.5 5.5 8.8 8.8 8.8 0.47

Knee flexion 0.1 0.1 0.1 0.0 0.0 0.0 0.05

3.4. Impact on Improvement

We found that baseline gross motor function, age, and GMFCS level were associated
with some changes in function. We found that a lower baseline GMFM total score was
associated with a higher improvement of GMFM total score (p < 0.01, Rs = −0.59) after
RAT. The same relationship was found in dimension A (p < 0.01, Rs = −0.75), B (p < 0.01,
Rs = −0.60), and C (p < 0.01, Rs = −0.59). GMFCS level was associated with changes
in dimension A (p = 0.04). Age was associated with changes in dimension D (p = 0.03,
Rs = 0.42).

Comparing the differences in time, the statistical power for GMFM was in the range
97–100%, 37–96% for GMFM dimensions, and 74% for clinical examination.

4. Discussion

The primary aim of the study was to assess the changes in the functional and clinical
status of individuals with spastic CP after RAT.

We found statistically significant changes in the functional abilities of patients assessed
by GMFM (p < 0.01) and in each GMFM dimension (A: p < 0.01; B: p = 0.02; C: p < 0.01; D:
p < 0.01; E: p < 0.01). It is worth emphasizing that those improvements were not similar
between groups. While group I (independent walkers) improved in all GMFM dimensions,
group 2 (walking with aids) showed changes only in less difficult functions such as lying
and rolling (dimension A) or crawling and kneeling (dimension C). Changes in the gross
motor are interesting because significant benefits from the RAT were expected mainly in
dimensions D and E in the more affected group, but not in lower functions, and especially
not for independent walkers.
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We noticed improvements in some clinical measurements, for example bilateral
popliteal angle and Thomas test. Other parameters tested in the clinical examination
did not show changes in range of motion, muscle tone, selective motor control, or muscle
strength. Our findings suggested that the effect of RAT on individuals with spastic CP
cannot be detected by most clinical examinations.

The instrumental muscle strength assessment around knee joints did not show any
significant changes (knee flexors p = 0.05; knee extensor muscles p = 0.46); however, some
changes for the knee flexors were not statistically significant. Our data suggested that RAT
might not improve the strength of every knee joint muscle.

The secondary aim of the study was to assess the relationship between the baseline
condition of an individual and short-term outcomes to identify subjects who could benefit
the most from RAT. Our analysis showed that individuals with lower baseline functional
abilities may achieve better results after the intervention of RAT (with average positive cor-
relation). Age has a weak positive correlation with improvement in standing, that is, older
patients may achieve greater improvement in the dimension D items of GMFM. Similarly,
weak positive correlation was found between GMFCS levels and GMFM dimension A, that
is, poor walking ability is associated with greater changes in less difficult functions like
lying and rolling.

The majority of previous studies were focused on functional changes after RAT and
showed significant GMFM improvement in dimensions D and E [24–28]. Those studies
considered CP patients as one group, despite its huge diversity of clinical symptoms.
Detailed analysis regarding the ambulatory level of patients did not provide unambiguous
results. Hendel et al. showed that significant improvement in GMFM dimensions D and
E were found only in GMFCS level IV individuals but not level II or III individuals [29].
In contrast, Borgraffe et al. concluded that greater benefits may be achieved in mildly
affected subjects (GMFCS level I and II) in comparison with more affected ones (GMFCS
level III and IV) [27]. Our data showed that even though GMFM total score improves in
both groups, individuals in GMFCS levels I and II improved in all five dimensions, while
more affected patients (level III and IV) improved only in dimensions A and C.

An investigation by Schroeder et al. on the association between GMFM baseline score
and response of RAT treatment showed that patients presenting higher motor abilities
at baseline had greater improvements after therapy [30]. In addition, they showed a
negative relationship between age and dimension D of GMFM. Willoughby reported that
the effectiveness of RTA is higher in GMFCS level III and IV children than in level I and II
children. Our data suggested that the lower the baseline functional skills of the patient, the
more significant the effect of RTA on GMFM total score and each GMFM dimension. Our
results showed that improvement in less complex functions (dimension A) was inversely
associated with GMFCS level. The effect of age was observed only in GMFM dimension D,
where the improvement in standing was greater in the older children.

Previously reported data and results were not consistent in: participant profile (often
individuals in different GMFCS levels were considered as one group) [26,28,31], inter-
vention applied (exoskeleton, lokomat, and treadmills, sometimes combined with con-
ventional physical therapy) [12,14,17,24], and the number of treatment sessions (from 3
to 20) [12,25,26]. The primary goal of our protocol focused on improving gait training.
Therapy was based on gait (with exoskeleton and treadmill) and balance training (on
stabilometric and dynamographic platforms). The therapy program was very intensive,
and consisted of 30 sessions within two months. Participants were considered as one
group and then were divided into groups based on ambulatory level. Each participant
completed all the examinations and collected data. The complexity of our data and the
therapy schedule provide clear information about which individuals may benefit the most
from RAT and what changes could be expected.
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Limitations

The main limitation of the study was the validity of the data from the clinical and
functional examinations. Our outcome measures were data from clinical examinations of
range-of-motion (collected with a manual goniometer), spasticity, selective motor control,
muscles strength, and functional assessment as evaluated by GMFM. Although those
are well-established and highly recommended assessment tools, the quality of the data
may be of concern. To reduce errors and improve data quality, examiners were limited to
two well-trained and highly experienced physical therapists. Because of the difficulty of
recruiting study subjects in the clinical setting, a control group was not used in this study.
Further studies should include a matched control group, which follows the same duration
and intensity of therapy as an objective comparison to the target population. Although
the sample size of the present study (N = 28) is higher than previous similar studies, the
authors are aware of the insufficient number of study subjects. To confirm our findings, the
results of the present study need to be further verified with full-scaled studies in the future.

RAT was developed to provide task-specific and goal-focused therapy for patients
with motor impairments. The perfect therapy scheme, patient profile, and dose are still not
clear, and the outcomes reported after therapy are not consistent. The results of the present
study suggested that integrating RAT into rehabilitation programs can be beneficial to
ambulatory individuals with CP. However, the optimal dose, schedule, and patient profile
should be further determined in future studies.

5. Conclusions

The present study suggests that the RAT program with the described protocol may
improve the general gross motor functions of individuals with CP in GMFCS level I and II,
and can improve primarily performance on less complex GMFM items for items in GMFCS
levels III and IV. Our results also suggest that a lower baseline functional level is related
to a greater functional improvement. Older individuals were noticed to improve more
in GMFM dimension D. Regarding impairments evaluated by clinical examinations, no
change was noticed in the studied individuals after RAT program intervention. Moreover,
the strength of knee muscles was not affected.
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12. Drużbicki, M.; Rusek, W.; Snela, S.; Dudek, J.; Szczepanik, M.; Zak, E.; Durmala, J.; Czernuszenko, A.; Bonikowski, M.; Sobota,
G. Functional effects of robotic-assisted locomotor treadmill thearapy in children with cerebral palsy. J. Rehabil. Med. 2013, 45,
358–363. [CrossRef]

13. Moreau, N.G.; Bodkin, A.W.; Bjornson, K.; Hobbs, A.; Soileau, M.; Lahasky, K. Effectiveness of Rehabilitation Interventions to
Improve Gait Speed in Children with Cerebral Palsy: Systematic Review and Meta-analysis. Phys. Ther. 2016, 96, 1938–1954.
[CrossRef]

14. Cherng, R.-J.; Liu, C.-F.; Lau, T.-W.; Hong, R.-B. Effect of Treadmill Training with Body Weight Support on Gait and Gross Motor
Function in Children with Spastic Cerebral Palsy. Am. J. Phys. Med. Rehabil. 2007, 86, 548–555. [CrossRef] [PubMed]

15. Provost, B.; Dieruf, K.; Burtner, P.A.; Phillips, J.P.; Bernitsky-Beddingfield, A.; Sullivan, K.J.; Bowen, C.A.; Toser, L. Endurance and
Gait in Children with Cerebral Palsy After Intensive Body Weight-Supported Treadmill Training. Pediatr. Phys. Ther. 2007, 19,
2–10. [CrossRef] [PubMed]

16. Willoughby, K.L.; Dodd, K.J.; Shields, N. A systematic review of the effectiveness of treadmill training for children with cerebral
palsy. Disabil. Rehabil. 2009, 31, 1971–1979. [CrossRef]

17. Mutlu, A.; Krosschell, K.; Gaebler-Spira, D. Treadmill training with partial body-weight support in children with cerebral palsy:
A systematic review. Dev. Med. Child. Neurol. 2009, 51, 268–275. [CrossRef] [PubMed]

18. Russell, D.J.; Rosenbaum, P.L.; Avery, L.M.; Lane, M. Gross Motor Function Measure (GMFM-66 and GMFM-88) User’s Manual;
Cambridge University Press: Cambridge, UK, 2002. [CrossRef]

19. Hislop, H.; Avers, D.; Brown, M. Daniels and Worthingham’s Muscle Testing-E-Book: Techniques of Manual Examination and Performance
Testing; Elsevier: Amsterdam, The Netherlands, 2013.

20. Bohannon, R.W.; Smith, M.B. Interrater Reliability of a Modified Ashworth Scale of Muscle Spasticity. Phys. Ther. 1987, 67,
206–207. [CrossRef] [PubMed]

21. Boyd, R.N.; Graham, H.K. Objective measurement of clinical findings in the use of botulinum toxin type A for the management
of children with cerebral palsy. Eur. J. Neurol. 1999, 6, s23–s35. [CrossRef]

22. Trost, J.P. Physical assessment and observational gait analysis. In The Treatment of Gait Problems in Cerebral Palsy; Gage, J.R., Ed.;
MacKeith Press: London, UK, 2004; pp. 71–89. ISBN 9781898683377.

23. Biodex System 4 Pro User Manual; Biodex Medical Systems, Inc.: Shirley, NY, USA, 2021.
24. Meyer-Heim, A.; Borggraefe, I.; Ammann-Reiffer, C.; Berweck, S.; Sennhauser, F.H.; Colombo, G.; Knecht, B.; Heinen, F. Feasibility

of robotic-assisted locomotor training in children with central gait impairment. Dev. Med. Child. Neurol. 2007, 49, 900–906.
[CrossRef] [PubMed]

25. Meyer-Heim, A.; Ammann-Reiffer, C.; Schmartz, A.; Schäfer, J.; Sennhauser, F.H.; Heinen, F.; Knecht, B.; Dabrowski, E.; Borggraefe,
I. Improvement of walking abilities after robotic-assisted locomotion training in children with cerebral palsy. Arch. Dis. Child.
2009, 94, 615–620. [CrossRef]

http://doi.org/10.1186/s12984-018-0412-9
http://www.ncbi.nlm.nih.gov/pubmed/30053857
http://doi.org/10.1111/dmcn.12246
http://doi.org/10.1097/GRF.0b013e3181870ba7
http://www.ncbi.nlm.nih.gov/pubmed/18981805
http://doi.org/10.3233/TAD-2010-0306
http://doi.org/10.2340/16501977-0525
http://doi.org/10.2340/16501977-0538
http://www.ncbi.nlm.nih.gov/pubmed/20549155
http://doi.org/10.1620/tjem.238.213
http://doi.org/10.1186/s12984-019-0485-0
http://www.ncbi.nlm.nih.gov/pubmed/30691493
http://doi.org/10.1097/PEP.0b013e3181f92e54
http://doi.org/10.1055/s-0035-1550150
http://www.ncbi.nlm.nih.gov/pubmed/26011438
http://doi.org/10.1186/s12984-016-0214-x
http://www.ncbi.nlm.nih.gov/pubmed/28057016
http://doi.org/10.2340/16501977-1114
http://doi.org/10.2522/ptj.20150401
http://doi.org/10.1097/PHM.0b013e31806dc302
http://www.ncbi.nlm.nih.gov/pubmed/17581289
http://doi.org/10.1097/01.pep.0000249418.25913.a3
http://www.ncbi.nlm.nih.gov/pubmed/17304092
http://doi.org/10.3109/09638280902874204
http://doi.org/10.1111/j.1469-8749.2008.03221.x
http://www.ncbi.nlm.nih.gov/pubmed/19207302
http://doi.org/10.1016/j.ejpn.2003.11.003
http://doi.org/10.1093/ptj/67.2.206
http://www.ncbi.nlm.nih.gov/pubmed/3809245
http://doi.org/10.1111/j.1468-1331.1999.tb00031.x
http://doi.org/10.1111/j.1469-8749.2007.00900.x
http://www.ncbi.nlm.nih.gov/pubmed/18039236
http://doi.org/10.1136/adc.2008.145458


Brain Sci. 2021, 11, 1563 10 of 10

26. Borggraefe, I.; Kiwull, L.; Schaefer, J.S.; Koerte, I.; Blaschek, A.; Meyer-Heim, A.; Heinen, F. Sustainability of motor performance
after robotic-assisted treadmill therapy in children: An open, non-randomized baseline-treatment study. Eur. J. Phys. Rehabil.
Med. 2010, 46, 125–131. [CrossRef] [PubMed]

27. Borggraefe, I.; Schaefer, J.S.; Klaiber, M.; Dabrowski, E.; Ammann-Reiffer, C.; Knecht, B.; Berweck, S.; Heinen, F.; Meyer-Heim, A.
Robotic-assisted treadmill therapy improves walking and standing performance in children and adolescents with cerebral palsy.
Eur. J. Paediatr. Neurol. 2010, 14, 496–502. [CrossRef] [PubMed]

28. Schroeder, A.S.; Homburg, M.; Warken, B.; Auffermann, H.; Koerte, I.; Berweck, S.; Jahn, K.; Heinen, F.; Borggraefe, I. Prospective
controlled cohort study to evaluate changes of function, activity and participation in patients with bilateral spastic cerebral palsy
after Robot-enhanced repetitive treadmill therapy. Eur. J. Paediatr. Neurol. 2014, 18, 502–510. [CrossRef] [PubMed]

29. van Hedel, H.; Meyer-Heim, A.; Rüsch-Bohtz, C. Robot-assisted gait training might be beneficial for more severely affected
children with cerebral palsy. Dev. Neurorehabilit. 2015, 19, 410–415. [CrossRef] [PubMed]

30. Schroeder, A.S.; Von Kries, R.; Riedel, C.; Homburg, M.; Auffermann, H.; Blaschek, A.; Jahn, K.; Heinen, F.; Borggraefe, I.; Berweck,
S. Patient-specific determinants of responsiveness to robot-enhanced treadmill therapy in children and adolescents with cerebral
palsy. Dev. Med. Child. Neurol. 2014, 56, 1172–1179. [CrossRef]

31. Borggraefe, I.; Meyer-Heim, A.; Kumar, A.; Schaefer, J.S.; Berweck, S.; Heinen, F. Improved gait parameters after robotic-assisted
locomotor treadmill therapy in a 6-year-old child with cerebral palsy. Mov. Disord. 2008, 23, 280–283. [CrossRef]

http://doi.org/10.5167/uzh-40098
http://www.ncbi.nlm.nih.gov/pubmed/20485217
http://doi.org/10.1016/j.ejpn.2010.01.002
http://www.ncbi.nlm.nih.gov/pubmed/20138788
http://doi.org/10.1016/j.ejpn.2014.04.012
http://www.ncbi.nlm.nih.gov/pubmed/24821475
http://doi.org/10.3109/17518423.2015.1017661
http://www.ncbi.nlm.nih.gov/pubmed/25837449
http://doi.org/10.1111/dmcn.12564
http://doi.org/10.1002/mds.21802

	Introduction 
	Materials and Methods 
	Participants 
	Protocols 
	Assessment Protocol 
	Functional Assessment 
	Clinical Assessments 
	Instrumental Strength Assessment 

	Data Analysis 
	Outcome Measures 

	Results 
	Functional Assessment 
	Clinical Assessment 
	Instrumental Strength Assessment 
	Impact on Improvement 

	Discussion 
	Conclusions 
	References

