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Purpose: Indexing methods are very popular in terms of determining the degree of disability associated with motor dysfunctions.
Currently, indexing methods dedicated to the upper limbs are not very popular, probably due to difficulties in their interpretation. This
work presents the calculation algorithm of new SDDI index and the attempt is made to determine the level of physical dysfunction along
with description of its kind, based on the interpretation of the calculation results of SDDI and PULMI indices. Methods: 23 healthy peo-
ple (10 women and 13 men), which constituted a reference group, and a group of 3 people with mobility impairments participated in the
tests. In order to examine possibilities of the utilization of the SDDI index the participants had to repetitively perform two selected reha-
bilitation movements of upper extremities. During the tests the kinematic value was registered using inertial motion analysis system
MVN BIOMECH. Results: The results of the test were collected in waveforms of 9 anatomical angles in 4 joints of upper extremities.
Then, SDDI and PULMI indices were calculated for each person with mobility impairments. Next, the analysis was performed to check
which abnormalities in upper extremity motion can influence the value of both indexes and interpretation of those indexes was shown.
Conclusion: Joint analysis of the both indices provides information on whether the patient has correctly performed the set sequence of

movement and enables the determination of possible irregularities in the performance of movement given.
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1. Introduction

Methods of evaluation of movement dysfunction
based on motion indices are often used because of
their advantages. It should be noted that they are the
most objective way of determining the level of disor-
ders of the human musculoskeletal system [19], [20].
Based on the values measured they enable the deter-
mination of the level of disability, often with the abil-
ity to identify its type.

Classification and degree of disability can be de-
termined using various scales like GMFCS (Gross
Motor Function Classification Scale) [12], [17] which
is based on observations whether patient can perform

certain established moves, or on BMFM scale (Biman-
ual Fine Motor Function) [4], which verifies patient’s
manual dexterity. The level of patients’ motor dys-
functions described this way requires the involvement
of an experienced therapist who conducts certain tests
based on their knowledge and experience [1], [5], [18].
Therefore, the evaluation done by different therapists
may result in different scores in the adopted scale,
which is the main disadvantage of indexing methods
based on classification [13]. Such methods of deter-
mining the level of mechanical disturbance of the human
body are not objective tools.

Slightly better way to assess the level of disorders
of the human movement are indexing methods, in
which the rates are calculated based on the objective
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measurements of motion, and then compared with the
defined pattern based on measurements of healthy
people. These methods have found wide approval due
to their objectivity and quickness of calculations of the
indices, (result of which can be obtained during the
time of examination). These methods were primarily
used in the researches of gait, which is a highly re-
peatable, ontogenetic operation, and thus it is easy to
define the correct motor standard. An example of this
type of research methods include Schute [15],
Schwartz [16] and Rozumalski [14]. These authors set
out the GDI and GGI indices to assess the pathology
gait of children with cerebral palsy. There is also the
possibility of using indexing methods in assessing
imbalances, which was also shown in Michnik’s re-
searches [11].

In the case of the upper limbs there is much greater
individuality in the way of performing movements and
also bigger is the complexity of the movements and
their differentiation, as confirmed by Jaspers [8] and
Butler [2]. There are also increased deviations of stan-
dards in the case of setting out benchmarks for, among
others, the time value of anatomical angles in the joints
during daily activities [6]. These differences may occur
due to the fact that the movements of the upper limbs
during everyday tasks are much less likely to repeat
than the movements of the lower limbs, for example
during walking. The resulting difficulties in the inter-
pretation of often ambiguous test results make the in-
dexing methods for the upper limbs movement being
used much less frequently.

However, there are computational methods that
have been used to calculate the level of movement dis-
orders of the upper limb such as APS used in Jaspers
studies [9] or PULMI index (The Paediatric Upper
Limb Motion Index) [2]. The latter is defined based on
recorded time changes of the values of the anatomical
angles in the joints of the upper limb while performing
movements and the obtained value expresses clearly
the degree of difference from the established norm.

Analysing the algorithm of PULMI index calcula-
tions, which is based on determining the value of the
RMS (Root Mean Square) between the course of the
test [2] and a reference value, enables the determina-
tion of the characteristic fragments of courses on
which the index value changes. For example, the shift
in the anatomical angles charts along the axis of val-
ues may occur if there is a different starting position
while performing the movement or it may depend on
the calibration of the system made for analysing the
motion (poorly calibrated system may, for example,
result in appearing a zero error which also affects the
value of RMS). Using the PULMI index one can ana-

lyse the distance of the angular waveforms from one
another, which reflects the irregularity in the perform-
ance of the moves.

It is, therefore, necessary to extend the evaluation
of the level of dysfunction of movement in the area of
the upper limbs over the additional index, which, in
contrast to the PULMI index would react only to the
change of the waveforms. This index alone or with
PULMI would allow unambiguous determination of
the level of physical dysfunction at the same time
attempting to indicate its type whether it is the result
of the “shift” in relation to a pattern or is it a different
way of making a move.

The chief aim of this study is to develop a new in-
dex — SDDI (The Standard Deviation of Differential
Index) which will allow complementing the assess-
ment of the level of dysfunction in the range of the upper
limb hitherto primarily carried out using PULMI index.

2. Materials and methods

Method of calculation SDDI (The Standard
Deviation of Differential Index)

The calculation algorithm of SDDI index (Stan-
dard Deviation of Differential Index) was developed
as a supplement to the information provided by the
PULMI index and it is an answer to the need to assess
the similarity of the shape of the trajectory of angular
waveforms of the studied person to the established
pattern without considering the shift between these
two trajectories. From a mathematical point of view
the SDDI index is a value determining the standard
deviation of the average distance value of the angular
waveform from a movement pattern set based on the
healthy people’s moves.

SDDI indicates the irregularity of the movements
of the upper limb associated with the difference of the
shape of the time waveforms of anatomical angles in
the joints from the adopted standard. A permanent
distance, a permanent shift of the trajectory of the
performed movement from the reference trajectory
is counteracted here. The value of the SDDI, index is
calculated for each of the N waveforms separately and
then averaged accordingly to the relationship (1).

1 9
SDDI, = 52 SDDI,,, (1)
k=1
The coefficient shows the arithmetic mean of each

of the calculated values SDDI i < {1, .., 93] for the fol-
lowing upper limb movements:
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o SDDI 1 — flexion/extension of the upper section of
the trunk around the sternoclavicular joint,

e SDDI 2 — the rotation of the upper section of the
trunk around the sternoclavicular joint,

e SDDI31 — abduction/adduction at the glenohu-
meral joint,

e SDDI 41— rotation in the glenohumeral joint,

e SDDI,s) — flexion/extension the glenohumeral joint,

e SDDI,61 — pronation/supination of the elbow joint,

e SDDI 7 — flexion/extension of the elbow joint,

e SDDI,s) — elbow adduction/radial abduction of the
wrist joint,

e SDDI,9 — palmar/dorsal flexion of the wrist joint.
Calculation of SDDIyi « {1, .., 91 for each of the

waveforms requires calculating the average SDDI can

absolute value of the difference between the tested

waveforms, and the reference waveforms for each of

moments of time being under study, which is shown

in the relation (2). The value of the SDDI i < (1, .., 911 18

the standard deviation for the calculated differences,

which can be written as (3).

m

> |f ()~ TD(k)| ©)

k=1

SDDI ... =

1
mean —
m

1 m
SDD[r[ie {1,.,91 \/;zqf(k) _TD(k)| _SDZ)[mean)2
k=1

)

where:

SDDI,.., — averaged absolute value of the differ-
ence between the waveform tested, and the reference
waveform calculated for all the moments of time,

flk) — the value of one of the nine measured angle
waveforms for the k-th time period,

TD(k) — averaged (for the entire group of healthy
people angular) value of one of the nine measured
angle waveforms for the k-th period of time,

m — the length of the vector of each of the nine
measured angle waveform which is 201 (0 to 100 with
step of 0.5).

The lower value of the SDDI; 11, .., 9] index the
more accurate the reflection of the shape of the move-
ment, within the i-th joint, in relation to a motion pat-
tern, which is the average of the angle waveform in
the i-th joint for a selected group of healthy people.
The lower value of the calculated SDDI, index, the
bigger resemblance of the shapes of the angle trajec-
tory of the performed movements for all the joints to
the established motor pattern. In order to compare the
results of the SDDI index calculation with other pa-
rameters (e.g., the PULMI) its value was scaled in

a manner identical to the PULMI index according to
the relation (4).

SDDI, - SDDI
SDDI

r.SD.mean

SDDI =100-10

r.TD.mean (4)

where:

SDDI. rpmean — arithmetic mean value of SDDI.
calculated for healthy people,

SDDI. sp mean — Standard deviation values of SDDI.
calculated for the group of healthy people.

SDDI index can be interpreted similarly to the
PULMI index, that is, the closer to 100, the more the
shape of the measured waveform resembles the shape of
the adopted standard. Each reduction of about 10 points
below 100 is the deviation of one standard deviation
from the pattern of movement.

Comparative analysis of the obtained PULMI
and SDDI for hypothetical waveforms

In order to determine the differences in the values
taken on by the PULMI and SDDI indices and to indi-
cate how to interpret the SDDI results, a series of wave-
forms with known functions describing them (wave-
forms models) and waveforms deviating from the
standard, also with known functions describing them
were developed.

The established pattern was calculated based on the
five waveforms, marked in Fig. 1 in green and described
by the following functions:

y1 =60 sin (27 n/N) + 50,
¥, =50 sin (27 n/N) + 50,
y3 =40 sin (27 n/N) + 50,
4 =60 sin (27 n/N) + 60,
s =60 sin (27 n/N) + 40.

where n is the value of consecutive (time vector, n =
1,2, 3, ..., N), and N is the total number of waveform
samples — 201 samples were established from 0 to 100
with step of 0.5.

The waveforms slightly differ from one another so
that the standard deviation value calculated for the mo-
tion pattern does not equal zero (which occurs naturally
in case of measurements). Otherwise it would be im-
possible to divide by this value, and thus to calculate
the relations enabling the normalization and consti-
tuting an important step of calculation algorithms of
proposed indices.

Various waveforms deviating from the established
pattern, which are described by the following formu-
las, were considered:



80

J. JURKOIC et al.

. Viested = 30 sin 2zn/N) + 50 — the waveform coin-

cides with one of the standard waveform,

. Viested = 30sin (2zn/N) + 65 — the waveform is

shifted along the value axis,

. Viested = 50sin (2zn/N) + 35 — the waveform is

shifted along the value axis,

. Veested = 50 sin 2zn/N — 0,3) + 50 — the waveform

is shifted along the time axis,

. Veested = 50 sin (2zn/N) + 50 + 20 sin (20zn/N) — the

waveform with disturbances,

. Veested = 10sin (2zn/N) + 50 — the waveform with

reduced amplitude,

. Yeesed = —1 + 100 — the waveform significantly ab-
normal,
. Veesed = 30cos (2zn/N) + 50 — the waveform of
inverted phase,
A ‘ B -

Kt 7]
Kt |’)

These waveforms in Fig. 1 are shown in blue line.
For such prepared waveforms functions PULMI and
SDDI were determined and the results are shown in
Fig. 1

The calculated values were also presented in graphs
in Fig. 2.

For the A waveform where the angular values of
the waveform coincide with one of the standard wave-
forms, the designated indices exceed 100 points. Slight
shift of the tested signal along the axis of values, such
as the one in examples B and C, influences the reduc-
tion of the PULMI index, but does not affect the value
of the SDDI index. The same results for the indices
were obtained for the shift of the same absolute value
in both directions — of smaller and larger values. Shift
along the time axis, as the one in example D, reduces
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Fig. 1. Calculated values of PULMI and SDDI for assumed waveforms, blue colour indicated the waveform
for which coefficients were calculated, green marked waveforms representing the waveforms of the reference group
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Fig. 2. Calculated values of PULMI and SDDI for the assumed waveforms from A to H
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both indices, and the lower value was reported for the
SDDI index. Angular vibration imposed on the tested
signal, as in example E, which caused a decrease in
the value of both indices; reduction of the value was
recorded for the coefficient SDDI. The reduction in
signal of test amplitude as in example F resulted in
a reduction of values of both indices. Similarly in
example G, the use of angular waveform of a different
type results in reduction of the value of the proposed
indices. The lowest ratios of indices were obtained in
example H where the tested signal was significantly
shifted in phase and had different edge values.

Discussion for comparative analysis

The presented analysis clearly indicates which de-
viations from the standard waveforms have influence
on both indices analysed. PULMI Index primarily en-
ables noting the changes in the range of the movement
(B and C) and the scope of the movement (F and G).
While index SDDI is sensitive to the changes in the
phase of the performed movement (D), the change in
the trajectory of the movement (curve’s shape) in such
way, however, that the minimum and maximum values
are in the range describing healthy people (E) — for ex-
ample, trembling limbs, and the change in the range of
motion (F and G). Addition of the analysis of the
SDDI index to the PULMI analysis can be a valuable
complement supporting the diagnosis and tracking the
progress of rehabilitation, because when analysing the
results of kinematic measurements one should pay
attention not only to the changes in the scope of move-
ment, but also to the phase shift. The interpretation of
the results done this way will prevent disregarding
some significant changes in the patient’s medical con-
dition.

Using PULMI index in the context of diagnosis
along with the measuring systems of Motion Capture
type one must pay special attention to the correct cali-
bration of these systems. Improper calibration may
affect the gained PULMI index value, because a shift
of the measured values in relation to the values taken
as a reference (as in the case of Fig. 1B and C) may
occur.

Practical application of PULMI and SSDI

The analysis of the possibility of applying the SDDI
index in practice was carried out on a group of healthy
people (the reference group) and three people with
mobility impairments of the upper limbs.

The study comprised a group of 23 healthy people
(10 women: k1-k10 and 13 men: m1-m13) and a group
of 3 people with mobility impairments (p1—p3). In the

case of healthy people there were no observable and
diagnosed defects within the upper limbs. Detailed
data concerning the group of healthy people and the
average values for the test group are given in Table 1.
Table 2 describes the anthropometric characteristics of
the patients.

Table 1. Characteristics of a group of 23 healthy people
performing exercises according to the designed system

Weight | Growth
Age BMT*
& [ke] [cm]
Mean 23.35 66.00 175.87 21.23
SD 1.37 11.76 9.48 2.61

* BMI — Body Mass Index.

Table 2. Characteristics of the patients tested

. Weight | Growth
No. Subjects Age [ke] [em] BMI*
pl 17 54 167 19.4
p2 15 37 158 14.8
p3 41 72 176 23.2

* BMI — Body Mass Index.

Patient pl was diagnosed with the malfunction of
the skeletal and muscle system as a result of mechani-
cal trauma of the peripheral nerves of the left limb
(among other broken ulnar and radial nerves). As a result
of injury the patient had problems with performing
movements with the left wrist joint and left elbow joint.
The lifting movement was limited and, in extreme
cases, painful. The patient p2 suffered from cerebral
palsy, which manifested in muscle spasticity of both
upper limbs. He performed movements with great
difficulty, and not in an accurate way. Ailment of the
patient p3 included damage to the upper part of the
left brachial plexus, which resulted in difficulties in
performing movements of the left upper limb (there
were slight movement restrictions within the elbow
joint of this limb and inability to lift the arm above the
head resulting from the restrictions of movement in
the shoulder joint). The left limb was dexterous.

Selected pattern motions

For this study a sequence of movements was se-
lected, with reference to Gzik’s earlier studies [7] dur-
ing which the kinematic value made by time values of
anatomical angles in joints was measured. A person
doing exercises was in the initial position with one arm
raised (the left arm was assumed), as shown in Fig. 3a
and then started straightening the left arm at the
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shoulder joint, at the same time bending the right arm at
the shoulder joint, as shown in Fig. 3b until the position
shown in Fig. 3c was reached. Then, after a pause, each
limb moved opposite was similarly to the first part of
the exercise until the initial position shown in Fig. 3e
was reached.

Fig. 3. Sequence of movements

People involved in the measurements were asked
to make the moves in a continuous manner with a short
break in the middle of the sequence of each of the
movements synchronized with the beats of the metro-
nome.

Data collection

The registration of the kinematic values was done
using an inertial system for movement analysis MVN
Biomech by Xsens. The study used the part of the
system dedicated to the upper limbs, which consisted
of 17 IMU (Inertial Measurement Unit) sensors fas-
tened with armbands to the upper limbs (4 sensors on
each limb) and the torso. Measurements made with
the use of this system enabled the determination of
the waveform changes in the values of anatomical
angles of joints of both of the limbs. Every person
analyzed did three repetitions of tested sequence of
moves. The values of the kinematic magnitudes ob-
tained were further analyzed in Matlab program. The
results were subjected to decimation to 201 samples,
so that each of the samples corresponded to the per-
centage rate of movement along the horizontal axis
in steps corresponding the 2% of the move. Data
prepared that way were used to calculate PULMI and
SDDI indices.

3. Results

The results of the measurements for a selected activ-
ity are waveforms of nine anatomical angles in 4 joints
of the each upper limb, according to Table 3.

Table 3. Measured values together
with the corresponding acronym

flexion/extension of the upper section of the trunk
1 . - sc.fe
around the sternoclavicular joint
2 the rotation of the upper section of the trunk around sor
the sternoclavicular joint ’
3 |abduction/adduction at the glenohumeral joint gh.aa
4 |rotation in the glenohumeral joint gh.r
5 |flexion/extension the glenohumeral joint ghr
6 |pronation/supination of the elbow joint e.ps
7 |flexion/extension of the elbow joint e.fe
8 |elbow adduction/radial abduction of the wrist joint | w.rdud
9 |palmar/dorsal flexion of the wrist joint w.fe

In the first phase the values of PULMI and SDDI
for the measured waveforms were calculated and then
averaged for all three measurements. The results are
presented in Tables 4 and 5.

Table 4. Mean values of PULMI index
for the analysed sequence of movements

Group of healthy
subjects pl p2 p3
Mean SD
Leftlimb | PULMI | 100.00 | 10.00
Right limb | PULMI | 100.00 | 10.00 86.30
Table 5. Mean values SDDI index
for the analysed sequence of movements
Group of healthy
subjects
Mean SD
Left limb SDDI | 100.00 | 10.00
Right limb | SDDI | 100.00 | 10.00

Next, in order to make a more detailed analysis of
the factors influencing the values of PULMI and
SDDI, based on the results obtained for healthy people,
the scientists developed a standard of waveform changes
in time of anatomical angles for all movements meas-
ured as the range from the mean value minus a stan-
dard deviation to the mean value plus a standard de-
viation. The waveform changes of the same angles
obtained from measurements of patients pl-p3 and
the respective standards are shown in Fig. 4.

In the next step, basing on a subjective, compara-
tive analysis of graphs of changes of joint angles ob-
tained from patients and on standards, it was deter-
mined which movements in the patients’ various joints
can influence the reduction of PULMI and SDDI indi-
ces. For PULMI index the waveforms reducing the
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Fig. 4. The waveforms of anatomical angles in joints for the three patients with the motion problems in the upper limb
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Table 6. Waveforms that affect the reduction of the PULMI index
based on the analysis of index calculation and compared with the standard adopted

Number of waveforms which can reduce the value of the PULMI index
pl p2 p3
Sequence Number Sequence Number Sequence Number
of motion of moves of motion of moves of motion of moves
sc.fe, sc.r, se.fe. ser. ohr sc.r, gh.aa,
Left limb gh.aa, e.ps, 5 ¢ Se.L, gL, 5 gh.fe, w.aa, 5
e.fe, w.aa
w.aa w.fe
sc.fe, sc.r,
Right limb gh.aa, w.aa 2 gh.aa, e.fe, 6 w.aa, w.fe 2
e.ps, w.fe

Table 7. Waveforms that affect the reduction of the SDDI index
based on the analysis of index calculation and compared with the standard adopted

Number of waveforms which can reduce the value of the SDDI index
pl p2 p3

Sequence Number Sequence Number Sequence Number

of motion of moves of motion of moves of motion of moves
Left limb w.aa 1 sc.fe, gh.fe, 5 gh.aa, e.fe 2

e.ps, e.fe, w.aa
Right limb gh.aa 1 sc.fe, gh.aa, 4 SC.I, SC.I' 2
e.ps, e.fe

value of this index were those shifted along the value
axis (vertical axis) and those significantly deviating
from the average value (waveforms with large differ-
ences between the values of the angles for the same
moment in time). For SDDI/ index the waveforms
affecting the change in the value of this index were
those with a large discrepancy in shape compared to the
value adopted as the standard. The results, together
with highlighting the waveforms, that have been identi-
fied as significantly different and which affect the val-
ues of the indices, are presented in Tables 6 and 7. The
increment of the number representing the number of
movements regarded as those influencing the changes in
the value of indices occurs when at least one of the
three measured waveforms for a given move in the
joint differs significantly from the average standard.

Table 8. Values of correlation coefficients
between indexes values and the number of existing waveforms
which can reduce the value of the indexes

Index
SDDI PULMI
Index Spearman’s -0.912159 —0.925820
of correlation |Kendal’s ~0.787726 ~0.856349

In order to determine whether there is a statisti-
cally significant correlation between the number of

abnormal waveforms and SDDI and PULMI indices,
the correlation (using Spearman and Kendal coeffi-
cients) between these values was calculated. The analy-
sis was carried out using STATISTICA software, and
the results are shown in Table 8. The results proved
a strong correlation between all the analysed values.

In order to investigate the occurrence of the linear
relationship between the number of failures in the
values of indices, the obtained data were shown in the
graphs and then a linear regression was defined and
the value of R* coefficient (coefficient of determina-
tion). The obtained data are shown in diagrams.

The obtained values of R* of 0.9 prove that the
points were well matched with the designated curve,
which shows the linear dependence of the number of
failures on the index value.

4. Discussion

Calculated values of PULMI and SDDI indices
(Tables 6 and 7) show the level of physical dysfunction
in the area of the upper limbs for patients undergoing
the tests in relation to the performed sequence of move-
ment. For both indices the values above 90 points
correspond to properly performed sequence of move-
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ments and each drop of about 10 points below 100 points
means one standard deviation change from the correct
movement pattern.

For the patient pl the value of PULMI index is by
about 29 points lower for the left limb (63.07 points)
than for the right limb (91.84 points). Reduced value
indicates the presence of motor dysfunction in the left
limb, what was confirmed by clinical assessment. The
calculated values of the SDDI index for patient pl are
91.33 points for the left limb and 95.79 points for
right limb, which indicates no motor dysfunction that
would be reflected in irregularities in the execution of
movements, associated with the shape of the obtained
angle trajectory. Analysing both values obtained by
the PULMI and SDDI indices can indicate the right
limb as a healthy one and the left limb as the one with
motor dysfunction, which is reflected in a shift of the
angular ranges along values when performing the
given sequence of movement. Taking into account the
global motion in all joints, the values of both indices
can be interpreted in such way that during making
movements with that limb the patient keeps ranges
of motion (change of range of motion would cause
a simultaneous decline in both indices). Secondly,
there is none or little shift of movement in the phase
(indicated by SDDI index) which means that the tra-
jectory of the movement has been preserved. Moreo-
ver, there may be changes in angular range of the
movement — a shift of the trajectory of the performed
move into higher or lower angular ranges than normal
(indicated by a decrease of PULMI index).

Analysis of angular waveforms (Fig. 4) and pointing
out the movements which influence the values of the
indices confirm the assumptions described above. The
ranges of the performed movements are close to nor-
mal, but the selected movements in the certain joints
are performed in ranges outside the scope accepted as
standard.

For the patient p2, who had clinically confirmed
motor dysfunction in both upper limbs, the PULMI
index is 67.12 points for the left arm and 49.96 points
for right arm. The values of SDDI indices are 71.63
points for the left arm and 69.39 points for right arm.
The obtained values indicate the presence of motor
dysfunction in both upper limbs, but the level of
dysfunction is greater for right limb, because the
values of PULMI and SDDI are lower than for the
left limb. Analysing both indices it can be stated that
there might be changes in the ranges of movements
(fall in the value of both indices). Secondly, a shift in
the phase of performing some moves or change in
the shape of the trajectory (decrease of SDDI), and
tremors of limbs may occur (decrease of SDDI).

Moreover, part of the movements can be performed
outside the ranges assumed as correct ones (decrease
of PULMI).

The above conclusions were deduced from the
waveform diagrams of changes of joint angles (Fig. 4).
In the case of this patient the irregularities in the exe-
cution of movements and suspicious vibrations of the
upper limb during performing of the sequence of
movements were noted, which was confirmed by ob-
servations of the angle trajectory in Fig. 4. Waveforms
for patient p2 are located mostly outside the ranges
accepted as the norm, and, in the case of pronation
and supination in the right elbow joint do not resem-
ble the shape of the average waveform assumed as the
standards. The results for patient p2 who suffers from
cerebral palsy are within the scope of the results ob-
tained by Butler [2] for this type of diseases. In addi-
tion, the values of waveforms that affect the reduction
of PULMI and SDDI indices (Tables 4 and 5) are in
the range from 5 to 6 for the PULMI index and from 4
to 5 for the SDDI index, which also points out the
deficiencies in the performance of the given sequence
of movement.

In the case of patient p3 a slight reduction of the
SDDI index in both limbs (89, 17 left and 90.51 right)
can be noticed, while the PULMI index has a value
72.11 for the left limb and 86.30 for the right limb.
These values may indicate the change in the scope of
performing certain moves (drop in the value of both
indices) and in the range of the performed movement
— performing the move outside the ranges given as
standard (reduction of the PULMI index), and possible
slight tremor of the limbs.

The analysis of angle waveforms (Fig. 4) confirms
the above analysis. The move of the right limb is close
to normal. Only in the wrist joint it is outside the
range accepted as standard. In the left limb there are
more anomalies of a similar nature (shoulder joint),
which results in reduction mainly of PULMI index
(change in the range of the movement together with
the slight change of movement range).

Comparison of calculated values of PULMI and
SDDI indices showed in Tables 6 and 7 with the num-
ber of waveforms which affect the reduction of indi-
ces shown in Tables 4 and 5, is highly correlated with
both SDDI and PULMI indices. The results of calcu-
lations of the Spearman and Kandal’s coefficients of
correlation are presented in Table 8.

A strong correlation between the values of indices
and the number of failures that affect the reduction of
values of the indices can be also observed based on
Fig. 5, where additionally the course of the linear re-
gression was drawn. The calculated value of R* (coef-
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Fig. 5. The charts showing the relationship between the values of SDDI and PULMI indices
depending on the number of waveforms which can reduce the value of the indexes

ficient of determination) for the linear regression is at
the level of about 0.9 for both indices, which indicates
a strong linear relationship between the number of
waveforms, which contribute to a decrease in the val-
ues of PULMI and SDDI indices, and the calculated
values of these indices.

5. Conclusions

The proposed new SDDI index is a tool for the
objective assessment of motor dysfunction occurring
in the upper limbs. It allows you to specify the sever-
ity of motor abnormalities associated above all with
the change of the shape of the trajectory of the per-
formed movement or shift in a phase of the performed
movement. SDD/ index also complements PULMI
index with an assessment of how the movement was
performed. Joint analysis of both indices provides
information on whether the patient has correctly per-
formed the given sequence of moves and enables the
determination of the kind anomalies in the perform-
ance of a given movement.

Future research

The next step will be to test in clinical practice the method-
ologies to assess kinematics of the upper limb on the basis of the
indexing method, using the PULMI and SDDI indices.

References

[1] BuTLER E.E., LADD A.L., LAMONT L.E., ROSE J., Temporal-
spatial parameters of the upper limb during a Reach and
Grasp Cycle for children, Gait & Posture,. 2010, 32(3), 301
-306.

[2] BUTLER E.E., ROSE J., The Pediatric Upper Limb Motion Index
and atemporal-spatial logistic regression: Quantitative analysis
of upper limb movement disorders during the Reach and Grasp
Cycle, Journal of Biomechanics. 2012, 45, 945-951.

[3] CHIU HSIU-CHING, ADA L., Constraint-induced movement
therapy improves upper limb activity and participation in hemi-
plegic cerebral palsy: a systematic review, Journal of Physio-
therapy, 2016, 62, 130-137.

[4] GAJEWSKA E., Nowe definicje i skale funkcjonalne stosowane
w mozgowym porazeniu dzieciecym, Neurologia Dziecigca,
2009, 18(35), 67-72.

[51 GoLickl D., DASH — kwestionariusz dotyczqcy niepetnospraw-
nosci konczyn gérnych, Medical University of Warsaw, 2006.

[6] GuzIk-KoPYTO A., MICHNIK R., WODARSKI P., CHUCHNOWSKA L.,

Determination of loads in the joints of the upper limb during

activities of daily living, Information Technologies in Medi-

cine, Advances in Intelligent Systems and Computing 472,

Springer, 2016, 2, 99-108.

GzIK M., WODARSKI P., JURKOJC J., MICHNIK R., BIENIEK A.,

Interactive System of Enginering Support of Upper Limb Diag-

nosis, Innovations in Biomedical Engineering, Advances in

Intelligents Systems and Computing, Springer, 2017, 526,

115-123.

JASPERS E., DESLOOVERE K., BRUYNINCKX H., KLINGELS K.,

MOLENAERS G., AERTBELIEN E., GESTEL L., FEYS H., Three-di-

mensional upper limb movement characteristics in children with

hemiplegic cerebral palsy and typically developing children, Re-

search in Developmental Disabilities, 2011, 32, 2283-2294.

JASPERS E., FEYs H., BRUYNINCKX H., KLINGELS K.,

MOLENAERS G., DESLOOVERE K., The Arm Profile Score:

A new summary index to assess upper limb movement pa-

thology, Gait & Posture, 2011, 34(2), 227-233.

[10] JUurkOIC J., WODARSKI P., MICHNIK R., NOWAKOWSKA K.,
BIENIEK A., GZIK M., The Upper Limb Motion Deviation Index:
A new comprehensive index of upper limb motion pathology,
Acta of Bioengineering and Biomechanics, ISSN: 1509-409X,
DOI: 10.5277/ABB-00698-2016-02.

[11] MICHNIK R., JURKOIC J., WODARSKI P., GZIK M., JOCHYMCZYK-
-WozNIAK K., BIENIEK A., The influence of frequency of visual
disorders on stabilographic parameters, Acta Bioeng.
Biomech., 2016, 18(1), 25-33.

[12] PALISANO R., ROSENBAUM P., BARTLETT D., LIVINGSTON M.,
Gross Motor Function Classification System Expanded and
Revised, Can. Child Centre for Childhood Disability Re-
search, McMaster University, Canada 2007.

—
3
—

—
o]
—_

—
O
—



The Standard Deviation of Differential Index as an innovation diagnostic tool based on kinematic parameters... 87

[13] VaN DE PoL R.J., VAN TRUFFEL E., Lucas C., Inter-rater reli-
ability for measurement of passive physiological range of motion
of upper extremity joints is better if instruments are used. a sys-
tematic review, Journal of Physiotherapy, 2010, 56, 7-17.

[14] RozUMALSKI A., SCHWARTZ M.H., The GDI-Kinetic: A new
index for quantifying kinetic deviations from normal gait,
Gait and Posture, 2011, 33(4), 730-732.

[15] ScHUTE L.M., NARAYANAN U., STOUT J.L., SELBER P., GAGE J.R.,
SCHWARTZ M.H., 4n index for quantifying deviations from
normal gait, Gait and Posture, 2000, 11, 25-31.

[16] ScHWARTZ M., ROZUMALSKI A., The GDI-Kinetic: A new index
for quantifying kinetic deviations from normal gait, Gait and
Posture, 2011, 33, 730-732.

[17] STANKIEWICZ D., Skale funkcjonalne stosowane u dzieci z moz-
gowym porazeniem dziecigcym, Neurologia Dziecigca, 2009,
18(35), 73-78.

[18] YOUNFENG SU, Quick DASH, Journal of Physiotherapy, 2014,
60(3), 167.

[19] WANG J., BARTUZI P., ROMAN-LIU D., Influence of upper
extremity position on EMG signal measures calculated in
time, frequency and time-frequency domain, Acta of Bioen-
gineering and Biomechanics, 2013, 15(4), 83-91.

[20] WoiNicz W., WITTBRODT E., Analysis of muscles’ behaviour.
Part 1. The computational model of muscles’ group acting on
the elbow joint, Acta of Bioengineering and Biomechanics,
2010, 12(1), 3-10.




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /CMYK
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /DEU <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV (Za stvaranje Adobe PDF dokumenata najpogodnijih za visokokvalitetni ispis prije tiskanja koristite ove postavke.  Stvoreni PDF dokumenti mogu se otvoriti Acrobat i Adobe Reader 5.0 i kasnijim verzijama.)
    /HUN <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


