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Abstract. Computational gait analysis constitutes a useful tool for quantitative assessment of gait disturbances, improving functional diag 
nosis, assessment of treatment planning, and monitoring of disease progress. There is little research on use of computational gait analysis in 
neurorehabilitation of post-stroke survivors, but current evidence on its clinical application supports a favorable cost-benefit ratio. The research 
was conducted among 50 adult people: 25 of them after ischemic stroke constituted the study group, and 25 healthy volunteers constituted the 
reference group. Study group members were treated for 2 weeks (10 neurorehabilitation sessions). Spatio-temporal gait parameters were assessed 
before and after therapy and compared using a novel fuzzy-based assessment tool, fractal dimension measurement and gait classification based 
on artificial neural networks. Measured results of rehabilitation (changes of gait parameters) were statistically relevant and reflected recovery. 
There is good evidence to extend its use to patients with various gait diseases undergoing neurorehabilitation. However, methodology for properly 
conducting and interpreting the proposed assessment and analysis procedures, providing validity and reliability of their results remains a key 
issue. More objective clinical reasoning, based on proposed novel tools, requires further research.
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gait rehabilitation generate methodological concerns related 
to study/treatment fidelity and measurement [3]. Although the 
NDT-Bobath method is well known, its theory and clinical prac-
tice are not well documented in literature, especially its ran-
domized controlled trials (RCTs). There are only a few studies 
concerning application of computational tools in this area [4, 5]. 
Lack of objective evidences generates problems with applica-
tion of evidence-based medicine in everyday clinical practice. 
Our ultimate goal is a family of novel, mobile, semi-automated 
tools for clinical gait analysis purposes, especially for supple-
mentary initial assessment of patient functioning and further 
cyclic re-assessment of the rehabilitation process. The scien-
tific objective of this paper was to apply novel computational 
intelligence tools based on fuzzy numbers, fractal dimension, 
and classification based on artificial neural networks to com-
pare immediate results of post-stroke gait rehabilitation using 
Bobath versus the conventional approach in young and mid-
adults. According to our best knowledge, fuzzy systems, fractal 
dimension and ANNs have not been used simultaneously in gait 
analysis, especially in deficits resulting from stroke, one of the 
three most prevaling civilization՚ diseases.

This paper is structured as follows. Firstly, assumptions of 
the clinical study whose results are analysed, the main con-
cepts and principles are all recalled in Section 2. Next, Section 3 
describes algorithms of the processing of outcomes using fuzzy 
systems. Then, Section 4 presents rules of fractal analysis and 
classification based on artificial neural networks. Section 5 
shows results of the analysis. After that a discussion and com 
ment for the result are presented, followed by conclusions.

1. Introduction

Stroke is regarded as one of the leading causes of death and 
long-term dependence in both developed and developing coun-
tries. Its occurrence in young adult and mid-adult people is 
increasing. Young adult is defined with the range of 20‒39 
years of age, while the range of 40‒64 years represents the mid-
adult group. Moreover it influences almost all aspects of their 
lives, including the ability to learn, work, live independently 
and bring up their children. On the other hand, recovery poten-
tial of young stroke survivors may be greater and requires ded-
icated studies aiming at looking for optimal ways of rehabil-
itation. Stroke, influencing gait function, decreases mobility 
of patients, and subsequently their independence, activities of 
daily living, and life in the community. Spatio-temporal gait 
parameters in post-stroke patients may be mildly-to-severely 
compromised. Their objective assessment may be a useful 
way to assess general efficiency of gait function restoration 
through a neurorehabilitation. Scientists and clinicists still look 
for novel computational approaches allowing for simple, cheap, 
semi-automatised patient-oriented gait analysis. The NDT-Bo-
bath method for adults is one of the most popular therapeutic 
methods in neurorehabilitiation, including gait relearning [1, 2]. 
But current studies concerning NDT-Bobath use in post-stroke 
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2. Material and methods

The study was conducted among 50 young adult patients (aged 
26‒55 years) after ischemic stroke, both males and females. 
Patients were randomly assigned to one of the treatment groups: 
study group (treated with NDT-Bobath method, n = 25) and 
reference group (treated with conventional method, n = 25). 
Inclusion criteria were age above 18 y.o. and below 55 y.o., time 
after ischemic stroke from 4 weeks to three years lack of con-
traindications to rehabilitation and the ability to walk. Exclusion 
criteria were age below 18 y.o. or above 55 y.o., contraindica-
tions to rehabilitation and lack of the ability to walk. Random-
ization type: sequentially numbered containers. Containers were 
similar in appearance, equal in weight, and tamper-proof – no 
detectable differences between containers were observed. The 
aforementioned inclusion and exclusion criteria protocol was 
formulated to include a sample reflecting the normal population 
of young post-stroke survivors.

Table 1 
Patients՚ overall profile

Parameter Study group n = 25 
(100%)

Reference group n = 25 
(100%)

Age [years]: min 26 28
max 55 55
mean 43.5 44
SD 3.99 3.47

quartile 1 (Q1) 36 38
median (Q2) 45 46

quartile 3 (Q3) 49 50.5

Gender:
F 14 (56%) 13 (52%)
M 11 (44%) 12 (48%)

Side of paresis:
L 12 (48%) 13 (52%)
R 13 (52%) 12 (48%)

Time after CVA [weeks]:
min 4 4
max 156 156
mean 74.25 67.18
SD 16.32 14.33

quartile 1 (Q1) 28.5 31.5
median (Q2) 69.5 66

quartile 3 (Q3) 106 102

Study design was a randomized prospective before-after 
study (BAS). Ten metres walking test in the front of camera was 
used to assess main spatio-temporal gait parameters: gait veloc-
ity, normalized gait velocity, cadence, normalized cadence, stride 
length and normalized stride length. Anterior superior iliac spine 
(ASIS) to medial malleolus distance measured in each patient 
for assessing leg length discrepancy was used to normalize the 
aforementioned values. Previous methodological problems were 
eliminated thanks to the following organization of study:
● each patient took part in the same number of sessions (10) 

of the therapy for 2 weeks (ten days of therapy),

● rehabilitation program was conducted by a therapist with 
more than 15 years of experience in neurorehabilitation, 
moreover their NDT-Bobath skills were confirmed by basic 
and advanced courses in NDT-Bobath for adults according 
to the International Bobath Instructors Training Association 
(IBITA) requirements,

● to assess rehabilitation effects (reflected by change of 
parameters), measurements were performed in every patient 
twice: on admission (before therapy) and after last sessionof 
therapy,

● all measurements were administered by a physical therapist, 
subjects completed the measures in identical standardized 
conditions,

● computational analysis was applied by an interdisciplinary 
team of scientists.
The aforementioned description appears to be important 

for replication purposes or compartmental studies due to sig-
nificant remarks mentioned by Paci [6], including definition 
and course of the NDT-Bobath approach in gait rehabilitation 
according to the original book “NDT-Bobath method in neu-
rorehabilitation of adults” [7]. Conventional gait rehabilitation 
was defined as therapeutic approach without use of specif ic 
methods such as NDT-Bobath or Proprioceptive Neuromus-
cular Facilitation (PNF). All the data in this study were col-
lected and stored using Microsoft Excell 2013 software. The 
Shapiro-Wilk test was used to assess normality of the distri-
bution. Where available, mean, standard deviation (SD), quar-
tile 1 (Q1), median (quartile 2, Q2), quartile 3 (Q3), minimum 
value (Min), the maximum value (Max) were calculated to 
show the results of this study. Parametric t-student test and 
non-parametric Wilcoxon՚s test as far as U Mann-Whitney 
and chi-squared tests were used to compare scores. Change 
of parameters was calculated as results of subtraction. Spear-
man՚s rho was used to assess correlations among changes of 
parameters. Effect size and confidence interval was added. 
Statistical analysis was performed using IBM SPSS Statistics 
21. The difference was statistically signif icant at p > 0.05. 
Computational analysis was performed using Matlab soft-
ware. Novel computational intelligence tools were used in this 
study based on 1) fuzzy numbers, 2) fractal dimension, and 
3) classif ication based on artif icial neural networks (ANN) to 
compare immediate results of post-stroke gait rehabilitation 
using Bobath versus conventional approach in young and mid-
adults. Freely given written informed consent was obtained 
from every patient prior to the study. The study was conducted 
in accordance with the Declaration of Helsinki, the guidelines 
for Good Clinical Practice (GCP) and the agreement of the 
local bio-ethical committee.

3. Fuzzy system for gait features assessment

The quality of gait is very difficult for formal precise defini-
tion. It depends on the general public and varies depending on 
the group which we consider to be the norm in the terms of gait. 
If the precise model is out of reach, we can use the tools for 
imprecise information processing – fuzzy systems. Researchers 



193

Computational gait analysis for post-stroke rehabilitation purposes using fuzzy numbers, fractal dimension and neural networks

Bull.  Pol.  Ac.:  Tech.  68(2)  2020

often use this tool in the face of linguistically formulated data/
information gathered from experts, e.g. [8‒10]. Fuzzy logic 
allows for transferring a linguistic description into a computer 
algorithm. As there is a lack of a mathematical model of the 
evaluation, fuzzy systems seem to be a good direction. A lin-
guistic model of rules, which describes expected evaluations 
depending on input values, comes from the experience health 
scientists/therapists who work with post-stroke patients.

The main advantage of the fuzzy systems are the flexibil-
ity, intuitiveness and clarity of rules that are easy to describe 
linguistically.

To obtain the results for this paper, one fuzzy system was 
defined for each gait parameter. General features of these fuzzy 
systems are as follows:
● singleton fuzzyfication,
● implication operator – MIN,
● defuzzyfication uses the Middle of Maxima (MOM) method.

Measuring gait quality has a certain specificity. Its character 
is not that of monotonic dependence. Bad quality is a parameter 
of being either too low or too high. Therefore each variable that 
represents gait parameter consists of three linguistic values: 
‘too low՚, ‘proper՚ and ‘too high՚. The output variable – quality 

– consists of two values: ‘good’ and ‘bad՚. So the rules follow 
the patterns below:
1. IF the parameter is ‘too low՚ THEN quality is ‘bad՚,
2. IF the parameter is ‘proper՚ THEN quality is ‘good՚,
3. IF the parameter is ‘too high՚ THEN quality is ‘bad՚.

The output is simply defined on the [0; 1] interval, therefore 
the results are measured as the scale from 0 to 1.

The fuzzy set representing the ideal value for each gait 
parameter is constructed from the data given for the reference 
group – people without a stroke. Each of them is a triangular 
fuzzy set (see LR fuzzy sets notation in [11]) and is determined 
on the all the available data. For example, let’s look at the 
Proper Gait Velocity – (proper-GV) set:

 
proper ¡ GV = Λ(x; xmean ¡ 2 ¢ ∆L, xmean,

proper ¡ GV = xmean + 2 ¢ ∆R)
 (1)

where ∆L = xmean ¡ xmin, ∆R = xmax ¡ xmean,
xmin/xmax/xmean – the minimum/maximum/mean value of the 
Gait Velocity parameters for the available data about healthy 
(non post-stroke) people.

Fig. 1. CONSORT patient՚s flow chart diagram

Assessed for eligibility (n=57) 

Excluded (n=7) 
- Not meeting inclusion criteria (n=7)
- Declined to participate (n=0)
- Other reasons (n=0)

Analysed (n=25) 
- Excluded from analysis (n=0) 

Lost to follow-up (n=0) 
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- Received allocated interven�on  (n=25) 
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Analysed (n=25) 
- Excluded from analysis (n=0) 
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The range of linguistic variable is defined as interval 
[0;2 ¢ xmean]. It is enough to cover all the available data for 
healthy and post-stroke people. There are two another fuzzy 
sets which represent ‘bad՚ quality of gait. The ‘bad GV

too–low՚ and 
‘bad GV

too–high՚ are trapezoidal fuzzy sets (see fuzzy intervals [11]), 
defined by four parameters as follows:

 

bad GV
too–low = Π(x; x0, x0, xmean ¡ 2 ¢ ∆L, xmean),

bad GV
too–high = Π(x; xmean, xmean + 2 ¢ ∆R,

bad  = 2 ¢ xmean, 2 ¢ xmean),

 (2)

where x0 = MIN(0, xmean ¡ 2 ¢ ∆L).

4. Gait pattern classification and fractal 
parameter application for gait features 
assessment

The quality of gait and high velocity of gait are opposite param-
eters. Thus we need to measure both of them simultaneously. 
This may be useful both in traditional rehabilitation as well as 
in novel robotized forms of rehabilitation, despite it still being 
very difficult to formally precisely define it. As a general rule, 
we may assume one, well-known from many sport disciplines: 
technique first, then achievements. This means that during the 
first period of rehabilitation (gait re-education) proper tech-
nique of walking (including propulsion) constitutes a key value. 
Thus velocity might not be so high, but cadence and stride 
length should be most important. Proper gait rehabilitation 
allows to increase its velocity step by step without worsening 
its technique. This means that better gait technique allows for 
slower development of the rest of parameters, but it also results 
in further improved performance, lower energy consumption 
and higher abilities not possible for people with poor technique. 
How we can measure technique of gait? In our study we do it 
in a twofold manner:
1. we use ANN-based gait classification to avoid pathological 

gait, e.g. hemiplegic one,
2. we use fractal dimension to compare values for subsequent 

steps (i.e. uniformity of gait, influence of fatigue, etc.) and 
left side to right side gait (i.e. to avoid hemiplegic gait).
For fractal dimension measurement we used a box counting 

method, the purpose of which is to consider the average number 
(noted N(r)) of square boxes with fixed side length r, necessary 
to cover the image, considered as a surface in R2 space. Fractal 
dimension D 2 R2 space has values from 1 to 2. Generally, if 
fractal object S is divided into N objects similar to S in homo-
thety 1/r, fractal dimension is:

 D = 
logN

log 1
r

 (3)

For that we estimated P(m, r), i.e. the probability that one 
box of size r, centred on an arbitrary point of surface, contains 

m points of the set, where Np constitutes the number of possible 
points in the cube.

 8r, 
m=1

Np

∑ P(m, r) = 1 (4)

The estimate of the average number of disjointed boxes (i.e. 
those sufficiently isolated to avoid the effect of overlapping) 
necessary to cover the surface is expressed by the following 
value:

 N(r), 
m=1

Np

∑ N(m, r) = 
m=1

Np

∑
P(m, r)

m
 (5)

Thus fractal dimension is given by the estimate made by 
means of the least squares method of the slope of the group of 
dots (log(r), ¡log(N(r))), obtained with boxes of increasing 
size r. Box sizes are chosen experimentally to minimize error 
of fractal dimension assessment.

Both aforementioned techniques, ANN-based and fractal 
dimension, required dedicated algorithms, based on analy-
sis of video recording of walking people and assessment of 
time/ distance features of subsequent heel to f loor contact 
moments.

Improvement of gait regularity was reflected in the value 
of fractal parameters. A relatively simple and fast algorithm to 
determine fractal dimensions by box counting was used because 
it is accurate, and less dependent on data-specific curve fitting 
criteria. For more advanced applications Higuchi՚s algorithm 
[12] may be used.

Three-layer artificial neural network for gait classification 
purposes. Multi-layer perceptrons (MLPs) combination clas-
sifiers were used to categorize gait data into two categories; 
healthy and patient with gait deficit. A more advanced gait type 
classification method, using a smart insole with various sensor 
arrays, may be based on deep neural networks.

The aforementioned analysis is not computationally expen-
sive, but still complex, and can be used rather only as a ”close to 
real-time” solution. We used professional computational tools, 
but basic calculation requirement was that of time-efficiency.

The aforementioned approach still needs improvements and 
further development. It has to constitute a compromise between 
complexity and cost on the one hand and possibility of appli-
cation on mobile devices (portability), integration into eHealth 
Internet of Things technologies, and simplicity on the other. 
According to our requirements, it should be a screening test 
rather than an advanced laboratory tool.

5. Results

The results of measuring gait parameters are presented in 
Tables 2‒4.

Statistically significant and favorable changes in gait veloc-
ity, cadence and stride length as far as their normalized val-
ues have been observed in both groups. The aforementioned 
changes were higher in the study group.
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Table 2 
Changes of parameters in both groups

Value
Parameter

Gait velocity Cadence Stride 
length

Normalized 
gait velocity

Normalized 
cadence

Normalized 
stride length

Fuzzy 
parameter

Fractal 
parameter

Changes in study group Mean 0.300 20.12 0.490 0.130 0.100 0.610 –0.03 0.060

SD 0.080 4.05 0.160 0.040 0.020 0.220 –0.01 0.020

Min 0.020 5 0.100 0.020 0.020 0.160 –0.10 0.010

Q1 0.150 11.22 0.220 0.060 0.050 0.350 –0.00 0.030

Median 0.280 20 0.440 0.100 0.080 0.580 –0.04 0.040

Q3 0.420 36 0.700 0.150 0.170 0.890 –0.12 0.050

Max 0.700 59 1.260 0.270 0.330 1.12 –0.21 0.060

Changes in reference group Mean 0.180 11.17 0.220 0.060 0.070 0.220 –0.04 0.040

SD 0.040 3.02 0.070 0.020 0.020 0.070 –0.01 0.010

Min 0.010 2 0.050 0.030 0.010 0.060 –0.10 0.010

Q1 0.050 7 0.100 0.040 0.030 0.100 –0.02 0.030

Median 0.120 12.5 0.170 0.050 0.060 0.180 –0.03 0.040

Q3 0.310 23.5 0.260 0.110 0.150 0.250 –0.12 0.050

Max 0.650 52 0.590 0.240 0.320 0.530 –0.32 0.060

p-value 0.012 0.029 0.032 0.029 0.022 0.017 –0.04 0.017

Effect size 1.900 2.510 2.190 2.210 1.500 2.390 –2.21 1.500

Confidence interval 1.12‒2.60 1.63‒3.28 1.37‒2.92 1.39‒2.95 0.77‒2.17 2.54‒3.15 1.39‒2.95 0.77‒2.17

Table 3 
Correlations of changes in study group

Gait 
vel. 

Cadence Stride  
length

Normalized 
cadence

Normalized 
stride length

Normalized  
gait velocity

Fuzzy  
parameter

Fractal 
parameter

Gait velocity – 0.602 p = 0.001 0.617 p = 0.015 0.887 p = 0.003 0.657 p = 0.019 0.477 p = 0.009 n.s. n.s.

Cadence – 0.611 p = 0.007 0.512 p = 0.014 0.707 p = 0.003 n.s. n.s. n.s.

Stride length – 0.529 p = 0.005 0.492 p = 0.007 0.779 p = 0.012 n.s. n.s.

Normalized gait velocity – 0.622 p = 0.007 0.387 p = 0.042 0.832 p = 0.004 0.625 p = 0.017

Normalized cadence – n.s. 0.511 p = 0.015 0.734 p = 0.002

Normalized stride length – 0.523 p = 0.007 0.454 p = 0.012

Fuzzy parameter – 0.611 p = 0.021

Fractal parameter –

n.s. – not significant

Table 4 
Correlations of changes in the reference group

Gait 
vel. 

Cadence Stride  
length

Normalized 
cadence

Normalized 
stride length

Normalized  
gait velocity

Fuzzy  
parameter

Fractal 
parameter

Gait velocity – 0.512 p = 0.011 0.599 p = 0.004 0.887 p = 0.003 0.657 p = 0.019 0.477 p = 0.009 n.s. n.s.

Cadence – 0.552 p = 0.012 0.512p = 0.014 0.707p = 0.003 n.s. n.s. n.s.

Stride length – 0.529 p = 0.005 0.492 p = 0.007 0.779 p = 0.012 n.s. n.s.

Normalized gait velocity – 0.622 p = 0.007 0.387 p = 0.042 0.789 p = 0.005 0.688 p = 0.017

Normalized cadence – n.s. 0.567 p = 0.015 0.777 p = 0.009

Normalized stride length – 0.534 p = 0.010 0.478 p = 0.009

Fuzzy parameter – 0.611 p = 0.011

Fractal parameter –

n.s. – not significant
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Moderate and high correlations between changes of assessed 
spatio-temporal gait parameters have been observed both, in 
the study (see Table 3) and reference (Table 4) groups. How-
ever, the results were lower in the reference group. No import-
ant injuries or unwanted effects were observed. ANN analysis 
proved high accuracy of prediction.

6. Discussion

Generalisability (external validity, applicability) of the trial 
findings: statistically significant and favorable changes in all 
measured parameters have been observed, reflecting larger 
effectiveness of the NDT-Bobath approach than that of the con-
ventional approach. Further studies are planned as randomized 
trials on larger samples, with long-term rehabilitation–related 
gait changes to be also assessed. We also work on improved, 
more objective research methodology, e.g. assessing the asym-
metry pattern.

Another future challenge is the assessment of balance train-
ing, where study by ŞimŞek and Çekok [13] showed that Nin-
tendo Wii training is as effective as NDT-Bobath in patients 
with sub-acute stroke, and more objective measurements such 
as sEMG or balance tensometric platform. Next step will be 
studies on comprehensive application of the NDT-Bobath 
method (not only in gait rehabilitation). Cognitive state as well 
as the number of patients with aphasia, hemianopia, etc. may 
influence outcomes of the therapy as far as the time from stroke 
onset to introducing patients՚ to the study is concerned.

Compartmental studies concerning NDT-Bobath method in 
gait rehabilitation for adults have been rare so far. Study by 
Krukowska et al. [14] showed that NDT-Bobath for improving 
the balance of the body is a more effective method of treat-
ment in comparison with the PNF method. Moreover in stroke 
patients, the effectiveness of the NDT-Bobath method did not 
depend on hand paresis. We should take into consideration 
that the study by Lee et al. [15] showed relative influence of 
standing balance and trunk balance on gait ability. Value of 
the NDT-Bobath method in gait rehabilitation of adult stroke 
survivors was showed in several studies by Mikołajewska 
[16‒19]. Their evidence was limited due to the lack of a refer-
ence group. Current results are similar to the aforementioned 
ones but constitute significant evidence supporting common 
use of the NDT-Bobath method in neurorehabilitation of gait 
disorders in post-stroke adults. Individualized exercise NDT-
Bobath-based rehabilitation improves trunk function, balance, 
and walking ability in stroke patients more than conventional 
therapy (exercises) [20]. Evidence concerning improvement in 
walking long distances (also on different surfaces and around 
obstacles) after 3-week NDT-Bobath rehabilitation was pro-
vided by Benito Garcia et al. [21]. International Classification 
of Functioning, Disability and Health (ICF) proved its useful-
ness as a tool for assessment of functioning. Meanwhile Motor 
Relearning Program is more effective than the NDT-Bobath 
approach in acute rehabilitation of patients with a stroke [22].

Interpretation is consistent with the results, balancing ben-
efits and potential injuries, and it considers other relevant 

evidence: most of current research concerns elderly people or 
whole groups of adults, not only young adults [23]. Rehabili-
tation potential of young adults may be increased as compared 
with older patients, but it requires further research. There is 
also place for combined use of NDT-Bobath and research on 
various mixed/eclectic approaches as a step toward patient-tai-
lored therapy. Combining valuable rehabilitative procedures, 
including NDT-Bobath, into an individual training package was 
described by Chen and Shaw [24]. Improvement of gait per-
formance in a group of patients with post-stroke hemiparesis 
treated with the NDT-Bobath method is similar to outcomes of 
robot-supported therapy [25].

Therapy based on the NDT-Bobath concept supported by 
task practice is more effective than task practice alone [26]. 
Injection of botulinum toxin type A combined with NDT-Bo-
bath therapy showed improvements at lower limb spasticity, 
gait and balance in post-stroke patients. The aforementioned 
improvements were larger than for the use of botulinum toxin 
type A alone [27]. Results of NDT-Bobath therapy are similar 
to that of the NDT-Bobath method combined with tapping ther-
apy with plum blossom needle at the key points. Both showed 
efficiency in hemiplegic spasticity following cerebral infarc-
tion [28]. Another manner for integration of the NDT-Bobath 
approach with traditional Chinese medicine was described 
by Zhang et al. [29]. Methodological concerns were recently 
addressed in [30] but only concerning 6MWT and 12MWT. 
There is a need for similar review of clinical gait assessment 
tools for the more severely disabled, including tests provided 
under natural conditions (including at patient՚s home).

The proposed computational tools proved their usability and 
efficacy even in the cases where changes due to rehabilitation 
process are subtle. Study limitations (sources of potential bias 
and/or imprecision): the study described assessed only immediate 
results of rehabilitation on a limited sample of patients (n = 40),  
and may thus be regarded a pilot study. What is new in the study 
as compared to those of other scientists: eliminating method-
ological concerns related to study/treatment fidelity and mea-
surement, including a comparably detailed level of professional 
preparation of the therapist, allowing for replication of the study.

Many studies demonstrated the superiority of machine learn-
ing methods in diagnosis [31]. We should focus on flexible fea-
tures of the proposed computational solution, allowing for appli-
cation in many environments, including basic use by general 
practitioners and physical therapists. Such approach may divide 
patients into two groups: healthy people and patients who who 
require further diagnosis, usually more accurate one. Outcomes 
concerning trends may immediately influence the method and 
pace of rehabilitation. Additionally, we know that improvement 
of gait quality might not be reflected immediately in traditional 
gait analysis outcomes – but improvement of gait regularity may 
be reflected in the value of fractal parameter. Results in treating 
low gait quality with simultaneous multi-feature gait analysis is 
crucial for quick recovery (i.e. in the area of velocity). Further 
studies may also incorporate deep learning and deep neural net-
works (DNN), which may significantly increase performance in 
classification or pattern recognition. Optimizing network param-
eters, avoiding over-fitting and ensuring good generalization 
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abilities are necessary [32, 33]. Potential application of the pro-
posed algorithm on mobile devices makesfuture 3D gait pattern 
reconstruction and visualization easier [34].

Indirect results of further studies will take the form of 
comparative analysis of validity and reliability of the proposed 
computational tools, coordination of trends within gait recovery 
processes, taking into consideration both patients՚ functional 
status on admission, place and severity of the damage, the set 
of rehabilitation interventions used and resultant better under-
standing of gait recovery and its underlying mechanisms. The 
collected case data bases may allow for more accurate calibra-
tion of algorithms and more precise inquiries, because there is 
a need of a whole new approach in basic clinical gait analysis 
using mobile devices within novel possibilities given by the 
Internet of Things. The ultimate solution may allow for simple, 
cheap gait analysis even for runners or nordic-walkers, allowing 
for very early detection of gait disorders.

7. Conclusions

The NDT-Bobath method may be regarded as a more effec-
tive form of gait post-stroke rehabilitation in young adults as 
compared to conventional rehabilitation. Statistically signifi-
cant and favorable changes in in gait velocity, cadence and 
stride length, as far as their normalized values are concerned, 
observed. Moderate and high correlations between changes 
the spatio-temporal gait parameters being assessed have been 
observed in both groups.

The computational intelligence methods proposed constitute 
not only the next step from traditional statistical analysis of 
biomedical data sets. It also constitutes another breakthrough 
due to the novel approach to studies conducted by interdisci-
plinary teams and to the data analysis methods included. This 
is possible due to the following features:
● it allows for extraction of additional features not supported 

by traditional statistical analysis,
● it reflects even subtle changes in observed health status of 

patients more effectively, especially due to advanced trend 
analysis,

● it constitutes a bidirectional manner of reasoning since it 
allows for better asking of clinical questions, the answers 
to which may be more effectively analysed as part of com-
putational analysis.
Thus co-operation may be more fruitful for both sides:

● clinicians, because they are able to more precisely assess the 
clinical status of the each patient and effects of therapy, and 
also to provide a more advanced decision-making process, 
based on evidence-based medicine aradigm,

● IT specialists, because they may prove advantages and 
disadvantages of the computational analysis based on out-
comes of experimental studies, and provide semi-automated 
fine tuning for better performance. The aforementioned 
approach may prove purely novel for clinical data sets, not 
self-standing but forming part of a wider computational sys-
tem, supporting diagnosis and treatment within everyday 
clinical practice.
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