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Abstract L.oss of motor function is a consequence after
cervical spinal cord injury. Three-dimensional kinematic
analysis equipments are used for quantifying human move-
ments in clinical laboratories. These systems may provide
objectivity to the patient assessments. Nowadays, the kin-
ematic variables found in the literature have some deficien-
cies, and the efficient management of these data sets is a
demand and a challenge in the clinical setting. The aim
of the present paper is to propose a set of novel kinematic
indices, as a combination of kinematic variables, for quan-
tifying upper limb motor disorders in terms of character-
istics in relation to ability and dexterity such as accuracy,
efficiency, and coordination. These indices are defined for
measuring patients’ motor performance during the activ-
ity of daily living of drinking from a glass. This task is
included within the upper limb rehabilitative process that
patients receive. The main contribution of this research,
with the aim of detecting upper limb impairments in
patients, consists of the proposal of three kinematic indices

from experimental data, whose results are dimensionless
and relative to a pattern of healthy subjects. We hope that
kinematic indices proposed are a step toward the standardi-
zation of the quantitative assessment of movement charac-
teristics and functional impairments.
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1 Introduction

Loss of motor function is a hallmark consequence after
spinal cord injury (SCI). The incidence of SCI varies
greatly worldwide from 12.1 to 57.8 SCI cases per million
depending on the countries [39]. Among them, the upper
limb (UL) is affected in more than 50 % of cases [44]. UL
strength is impaired o some extent in people who have
suffered cervical SCI, making it difficult for them to per-
form many activities of daily living (ADL) essential for
their autonomy. Therefore, these patients experience sharp
limitations in their level of activity and participation in the
social setting, as people who have suffered another central
nervous system injury, such as stroke [4].

In this context, quantitative measures of human movement
quality are significant in the rehabilitation field for expressing
the outcomes during rehabilitation (reatments, discriminat-
ing between healthy and pathological conditions [45], and for
helping in the decision making in the clinical setting.



The UL function assessment is mainly performed based
on clinical scales. Some of them assess the level of depend-
ence or independence in performing ADL, such as the Bar-
thel Index [26] and the Functional Independence Measure
(FIM) scale [19]. Other scales, such as the Jebsen—Taylor
Hand Function [17], measure UL function in terms of the
skill and ability to perform specific functional tasks. These
scales are general, so can be applied to different popula-
tions of subjects with different pathologies. However, there
are other scales developed for a specific injury, in order to
make the functional assessments more sensitive to changes.
An example is the Spinal Cord Independence Measure
(SCIM) [7], specific for assessing SCI. Tuijl proposed a
review of clinical scales, specific for SCI, classified into
strength, ADL. and functional scales [41].

These clinical scales are standardized measure instru-
ments, valid for their use in the clinical setling because
they have been previously validated in large patients sam-
ples. However, although these scales are easy to adminis-
ter, the main disadvantage of these quantitative measures i8
that they have a high subjective component, depending on
the observer who visually scores the test. Another aspect to
take into account is the sensitivity of the scales mainly (o
eross changes in the health status or UL function, so that
subtle changes in the subject may not be detected. Moreo-
ver, they sometimes present saturations in the scoring sys-
tem, and as consequence, improvements which may occur
above a certain threshold are not detected. Tor these rea-
sons, it seems that only clinical scales are not enough, by
themselves, to assess motor strategies used during move-
ments performance [6]. So, it's necessary to find measure
instruments which, in combination with clinical scales,
provide objectivity, and at the same time, solve the limita-
tions that scales have.

Biomechanical studies are examples of objective meth-
ods, in which several technologies can be used to collect
data from the subjects [46]. One kind of these studies are
the kinematic analysis that provides objective informa-
tion about motor strategies associated with UL goal-ori-
ented tasks. Data collected must be necessarily treated and
reduced to a set of variables that, a priori, have a simpler
interpretation for their use in the clinical practice.

Recently, in our previously work, an overview was pub-
lished in relation to objective kinematic variables found
in the literature to quantify the UL function regardless
the system used for extracting kinematic data and the UL
movements analyzed. The variables and metrics found
were described and classified according to the movement
characteristic that they quantificd [13]. However, some
deficiencies have been detected in these metrics. They usu-
ally consist of the kinematic variables directly obtained
from movement analysis equipments, expressed as absolute
units, and sometimes, an increase in the measured variable

corresponds o a decrease in the movement characteristic
that represents [10, 36], producing an inconsistency in the
outcomes interpretation. Moreover, the most frequently
analyzed movement is the reaching movement [6, 8-10, 18,
23, 29, 36]. Studies in complete ADL have been performed
mostly in healthy subjects [1, 25, 30, 31, 35, 38]. Some
studies have been addressed in stroke [20, 22, 32-34] and
cerebral palsy [5, 16, 21] populations, being very scarce in
SCI populations [14].

These deficiencies, detected in clinical scales and the
kinematic variables found in the revision performed, moti-
vated this rescarch. The objective of the present paper is (0
define and to develop three novel objective kinematic indi-
ces related to the UL dexterity and ability, such as accuracy,
efficiency, and coordination, and (o analyze their discrimi-
native capability for detecting UL functional impairments
in people who have suffered cervical SCI.

2 Methods
2.1 Participants

A total of 18 people divided into three groups participated
in the study: a healthy group (n = 7); and two groups of
patients with motor complete cervical SCI with metameric
level C6 (n = 7) and C7 (n = 4). This patients’ sample was
chosen because the two groups have UL functional differ-
ences between them. Hence, patients that were included
into the C6 group are more atfected that those in the other
one. C6 patients retain control of the elbow flexion and
the wrist extensor muscles but lose active extension of the
elbow, whereas C7 patients retain active control of all these
muscles. However, both patients groups lose the ability to
perform active prchension movements [27]. Al partici-
pants were right-handed. Background data of participants
are provided in Table 1. The patients screened had to ful-
fill the following criteria (0 be included in the study: age
16-65 years, injury of at least 6-month duration and level
of cervical injury, C6 or C7, classified according to the
American Spinal Injury Association (ASIA) [28] scale
into grades A or B. Patients who presented any vertebral
deformily, joint constraint, surgery or any of the UL, bal-
ance disorders, dysmetria due to associated neurologic
disorders, visual acuity defects, cognitive deficit, or head
mjury associated with the SCI were excluded. Patients
were classified into C6 and C7 SCI by a physical exami-
nation. The UL Motor Index was obtained [28], with the
asscssment of the strength of five muscles groups of the
right UL by a physiotherapist. Each muscle group can be
assessed between 0 (no function) to 5 (normal function)
with a total of 25 points. The guidelines of the Declaration
of Helsinki were followed in every case. Informed consent



Table 1 Demographic and functional characteristics of the sample
analyzed (n = 18)

Variables Healthy subjects C6 SCI C7 SCI
(n="7) (n="T) (n=4)
Sex (Male)" 3 (42.8) 4 (57.4) 4 (100)
Age (ycars)h 28.0 (5.0 34.0(5.0) 30.5 (10.0)
Ieight (cm)® 168.0 (20.0) 175.0 (10.0)  184.0 (10.0)
Weight (Kg)* 65.0(21.1) 90.2 (7.1) 79.0 (9.1)
Months since injuryb - 8.5(2.2) 7.5(1.8)
ASIA (grade A)* - 3(42.8) 2 (50)
ASIA (grade B)* - 4(57.2) 2 (50)
Motor Index® 25.0 (0.0) 13.0 (3.0) 14.5 (2.0)

* Frequency and percentage for categorical variables

® Mean and standard deviation for continuous variables

was obtained from all individual participants included in
the study, which was approved by the Local Ethics Com-
mittee, Toledo, Spain.

2.2 Procedure

UL movement was recorded by using the Codamotion
system (Chamnwood Dynamics, Ltd, UK) based on active
markers. A total of 18 markers were used, placed on the
skin surface in the (runk and the right arm (Fig. 1). 3D
marker positions are calculated instantly with a spatial res-
olution of 0.1 mm. All the participants, instrumented with
Codamotion markers and seated in a wheelchair in front of
a table, performed only one experimental session with five
repetitions of the ADL of drinking. All this experimental
setup was described in detail in a previous study [14]. The
only difference within the experimental protocol was the
distance to the glass placed on the table. In this study, the
olass was placed in the midline of the body, (o the 75 % of
the maximal UL reaching [5] with the aim of minimizing
compensatory movements.

The drinking task included rcaching and grasping the
glass, lifting the glass to the mouth, drinking a swallow,
releasing the glass on the table, and returning (o the starting
position. All the participants performed the movement with
the right arm. They were instructed for initiating the drink-
ing task al a comfortable sclf-selected speed. Five trials of
the task were recorded for processing.

For computing joint kinematics and hand trajectories
from position data of Codamotion markers, a biomechani-
cal model previously published was used [14]. Data were
filtered with second-order Butterworth filter with a cutoff
frequency of 4 Hz, The model included the (runk, right arm,
right forearm, and the right-hand body segments. The body
segments are considered as rigid solids joined between
them by rotation centers estimated by Codamotion markers

Fig. 1 A patient instrumented with Codamotion markers during an
experimental session

placed on bony prominences on the skin surface. The six
model degrees of freedom (Dol?) were placed divided into
joints: three in the shoulder joint (flexion—extension, abduc-
tion—adduction and external-internal rotation movements);
two in the elbow (flexion—extension and pronation—supina-
tion movements); and one in the wrist joint (lexion—¢xten-
sion movement), All the DoF were validated by the per-
formance of analytical movements in which only one joint
was involved.

To facilitate analysis, the drinking ADL was broken down
into five consccutive phases, following Murphy’s study
euidelines [31]; reaching (included grasping the glass), for-
ward transport, drinking, distal transport (included releasing
the object), and returning (o the starting point,

The new contribution of this research was based on
exporting kinematic data to MATLAB (The MathWork-
slnc) software for calculating the kinemaltic indices pro-
posed during the complete cycle of the drinking (ask.

2.3 Kinematic indices

Kinematic indices assess UL ability and dexterity, such as
accuracy, cfficiency, and coordination. Motor lecaming is
fundamental to neurological rehabilitation. UL functional
deficits after neurological diseases are reflected in compen-
satory movements in proximal joints, Hence, these indices
were designed to detect UL functional impairments.

Accuracy and efficiency indices were defined from
3D position data of the hand during the movement. How-
ever, the coordination index was defined from the range of
motion of shoulder and elbow joints.

2.3.1 Accuracy and efficiency indices

The accuracy and efficiency indices were assessed from
the hand trajectory during the ADL. movement. The hand
(rajectory, s|n], was considered as the module of the hand
position vector.

sln] = \/x[nlg + y[nl + z[nT? ()
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Fig. 2 Hand trajectories during a complete cycle of the drinking
ADL. Gross continuous line represents the reference trajectory for the
healthy pattern. Discontinuous line represents the standard deviation

The mean trajectory of the hand movement for the pat-
tern of healthy subjects, considered the reference trajectory,
and the real trajectory for a patient with cervical SCI are
shown in Fig. 2. For comparisons between trajectories, they
were interpolated to a duration equal to N = 5000 samples.
To the sample frequency of Codamotion equipment, this
sample size corresponded to 25 s of movement. This time
was enough for patients could execute a complete cycle of
the ADL of drinking.

Accuracy index The accuracy index was computed as
the product of three terms: «, p, and BN. « is a dependent
function on the computed mean distance between the ref-
erence trajectory and the real trajectory performed by the
patient; o is a dependent function on the shape and trend of
both trajectories; and BN is a parameter that represents the
percentage of the drinking task in which the hand trajectory
performed by the subject is within the dispersion band con-
sidered acceptable around the reference trajectory.

The accuracy index, A, was computed from Eq. 2. Poste-
riorly, the result was relativized as the mean accuracy value
for the pattern of healthy subjects, P;.

A=« -p - -BN

A %)

Anorm = E -100

e The mean absolute value of the distance, d, (cm),
from each point of both time normalized trajectories
(the reference trajectory and the real one performed by

around the mean trajectory. The thick continuous line represents the
real trajectory performed by a SCI patient

the patient), was obtained. « was defined as a sigmoid
function (Eq. 3; Fig. 3). The value was between 0 and
1 depending on the mean distance value, d,,. Decrease
values for « reflect increasing mean distances between
trajectories. The B, constant was fixed to 20 because
this value maintains the sigmoid curve shape and the
decreasing is less abrupt than for greater values.

1
o = oin + (1= emin) 7 m@=a 3)

iy Was saturated («;, = 0.25) to avoid obtaining zero

points in accuracy index.

min

e p was computed by the Pearson coefficient between both
trajectories, the real and the mean trajectory for healthy
pattern. So this parameter can vary between O and 1.

e The third component for calculating the accuracy index
was BN. BN was defined as the percentage of the drink-
ing cycle that the real trajectory performed by the sub-
ject was within the dispersion band considered accept-
able. So, several band widths were analyzed as n times
the standard deviation around the mean trajectory. The
choice of the dispersion band width is explained in the
results section.

Efficiency index Efficiency index, FE, was obtained by
computing the path length, / ., of the hand trajectory
performed by the patient, normalized by the mean hand



Fig. 3 « parameter values as a
function of the mean distance
between the real trajectory
performed by a patient and the
reference trajectory. Several
values for the §; constant have
been analyzed

o =0,25
min

|
0 0.05 0.1

path length corresponding to the healthy pattern, [, rf-
The result was inverted (Eq. 4) because normally, patients
perform movements with longer trajectories than healthy
people due to movement deviations around the desired
trajectories [10]. Path lengths were obtained by summing
the distances between two consecutive points of the tra-
jectories. In this index, decreasing values in the real path
length performed by a patient reflect an improvement of
the efficiency index during the drinking task.

lpath_ref
E = Sl 100 )
path

2.3.2 Coordination index

In the literature, this index has been always applied to
the reaching movement [15, 31, 32, 43]. However, in this
research, the coordination index proposed, C, was designed
for assessing the simultaneous action of shoulder and
elbow joints during a complete ADL. It was calculated
from the Pearson coefficient for each phase that implied a
hand displacement: reaching (included grasping), forward
and distal transport and returning to the starting position.
For reaching and returning phases, the Pearson coefficients,
Prea a0d o, were calculated between shoulder flexion and
elbow extension. While for forward and distal transport,
the correlation indices, p; and py,, were computed between
shoulder abduction and elbow extension.

Finally, the coordination index was computed as a
weighted average from the computed correlation indi-
ces (Eq. 5). The duration of the complete ADL, N,p;,
and each drinking ADL phase was taken into account:

N,., and N, samples during the reaching and returning

| | | | | |
0.15 0.2 0.25 0.3 0.35 0.4 0.45 0.5

Mean distance (dm) (m)

phases; Ny and N4, samples during the forward and dis-
tal transport phases. Then, the index was normalized by
the mean coordination for the pattern of healthy subjects,
Cref (Eq 6)

_ Prea Nrea + pft - Nt + pdt - Nat + Pret - Nret
NapL

C &)

<. 100 6)

ref

Chorm =
2.4 Statistical analysis

Statistical analysis was performed with SPSS (Statistical
Packages for the Social Sciences, release 12.0 for Win-
dows, SPSS Inc, Chicago, IL). In the analysis of kinematic
indices, the mean value of the five recordings was used.

A descriptive analysis was made of the clinical and func-
tional variables by calculating the median and interquartile
range of the quantitative variable and the frequencies and
percentages of the qualitative variables.

For accuracy and coordination indices computing, the
Pearson correlation index was applied.

To check the discriminative capability of kinematic
indices proposed, comparisons between healthy and SCI
patients, and between patients with different severity level
were made. The Kruskal-Wallis test was applied to find pos-
sible differences in each variable between the three groups
analyzed; the Kruskal-Wallis test is p < 0.05, the equiva-
lence of behavior between groups can be rejected, and a
pairwise comparison can be made using the Mann—Whitney
test. The Bonferroni correction was applied, which takes into
account randomness due to multiple comparisons.

The repeatability of the experimental protocol during the
ADL of drinking was analyzed in our previous study [14].
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Fig. 4 Accuracy index values based on different widths of the disper-
sion band. A circle represents the accuracy index for healthy people,
a square represents the accuracy index for C6 SCI people, and the

3 Results

The sample analyzed was divided into three groups that
were matched in age, weight, and height. So, no statistical
significant differences were found for demographic charac-
teristics among the three groups.

3.1 Choosing the width of the band dispersion
for accuracy index computing

For computing BN parameter, the width of the dispersion
band was chosen. The influence of the dispersion band size
to the accuracy index was analyzed (Fig. 4) in the three
populations analyzed. Accuracy was computing for each
dispersion band size, with fixed « and p parameters within
each subject.

From this analysis, firstly, a narrow dispersion band (1
and 1.5 times the standard deviation around the reference
trajectory corresponding to the healthy mean trajectory)
was considered. For both deviation values, the results of
the accuracy index were low in the three groups analyzed,
including within the healthy group, due to a very low value
of the BN parameter. As a consequence, in both cases, the
variability within the healthy group is greater too. How-
ever, with a wide dispersion band, the Accuracy index was
very high for patients, and the results were saturated by
the healthy subjects (2.5 and 3 times the standard devia-
tion around the reference trajectory) (Fig. 4). So, the best
choice seemed to be a compromise between a narrow and

asterisk is used for C7 SCI people. Abscises axis represents the width
of the dispersion band around the reference trajectory

a wide dispersion band, corresponding to a dispersion band
of twice the standard deviation around the mean value.

3.2 Accuracy and efficiency indices

These indices were computed from hand kinematic data.
The Accuracy index detected differences between the three
groups analyzed. Accuracy was greater in healthy sub-
jects than in C6 and C7 SCI groups (p < 0.01 and p < 0.05,
respectively) during the complete ADL. Moreover, this
index discriminated between cervical injury levels C6 and
C7 (p < 0.05). The C6 SCI group was functionally more
affected than C7 group, and the accuracy result is lower in
C6 than in C7 SCI group (Table 2). For this index, the box
plots corresponding to the three groups weren’t overlapped
between them (Fig. 5a), showing the discriminative capac-
ity of the accuracy index.

The mean distance between trajectories was 3.73 c¢cm in
healthy subjects, 8.86 cm in C6 SCI group, and 4.99 cm
in C7 SCI group. The standard deviation in SCI people is
greater than in healthy group. So, o parameter is greater
in C6 SCI patients than in healthy (p < 0.05) and C7 SCI
groups (p < 0.01; Table 2). The same behavior was appreci-
ated in relation to the p parameter, which compares the curve
shape between the real and reference trajectory performed
by the patient and the healthy pattern, respectively. The BN
parameter was able to detect differences between healthy and
pathological conditions (p < 0.05 and p < 0.01 in C7 and C6
SCI groups, respectively). So, the real trajectories performed



Table 2 Accuracy and efficiency kinematic indices for each group
analyzed

Kinematic Healthy subjects C6 SCI C78CI
variables (n=17) (n=T) (n=4)
Accuracy index  104.22 (6.29)*  70.79 (19.49)®< 90.13 (6.89)*F
(% pattern)
Alfa (0-1) 0.98 (0.00)* 0.94 (0.04)™ 098 (0.00)
Rho (0-1) 0.97 (0.02) 0.84 (0.08)*° 094 (0.27)F°
BN (0-100) 95.92 (4.23)*  65.69 (16.79)° 87.48 (4.48)*
d,(cm) 10.37 2.77)* 21.35 (5.52)»¢  14.18 (3.25)°
d,,(cm) 3.73 (1.29)* 8.86 (3.63)™ 499 (6.89)°
Efficiency index  100.52 (5.83)*  99.29 (10.45* 97.75 (6.72)

(%0 pattern)

Results are expressed as the median and interquartile range

(5 < 0.05) and ¢ (p < 0.01)

by C6 SCI patients were within the dispersion band around
the reference trajectory during a 65.69 % of the movement
cycle. However, his value was the 87.48 % during the move-
ment ¢ycle for the C7 SCI group.,

The efficiency index was defined from the hand path
length. Patients performed the drinking ADL with a trajectory
longer than healthy people, resulting in a lower Lfficiency
index. Although the median value for this index is greater in
C6 SCI people than in C7 SCI group, the dispersion within
the group is greater too and both box plots were overlapped
(Fig. 5b). So, statistically significant differences were found
between healthy and C6 SCI people (p < 0.05; Table 2),

3.3 Coordination index

In the three study groups, there was a strong coordina-
tion between the shoulder and clbow joint angles in the

Table 3 Coordination index for each group analyzed

Kinematic Healthy subjects C6 SCI C78CI

variables (n="T) (n="T) (n=4)

Coordination 11531 (7.28)*  92.85 (8.88)" 102.12 (13.47)
(% pattermn)

C,., (Pearson %) 87.88 (5.91) 87.13 (12.86)  74.78 (24.27)

87.18 (6.33)
79.42 (14.16)

96.66 (1.90)*P
88.03 (12.39)

Cp, (Pearson %)

C,, (Pearson %)

65.17 (24.79)°
73.93 (18.55)

C,, (Pearson %)  84.66(20.02) 82.85(25.97) 74.66(29.18)
Coordination 90.75 (9.69) 7263 (6.42)°  §2.92 (12.65)
(0-100)

Results are expressed as the median and interquartile range
* (p<0.05)
b (<0001

flexion—extension movements (Table 3). The correlation
index, expressed as a percentage, was high in the three
groups analyzed during the ADL. of drinking (up 72.63 %
in the C6 SCI group to 90.75 % in healthy subjects). How-
ever, significant differences were found between healthy
subjects and C6 SCI patients (p < 0.05), in which the box
plots weren’t overlapped (Fig. 6). The most important dif-
ferences were observed during the forward (ransport phase
within the ADL of drinking. In this movement phase, the
correlation index was moderated (65.17 £+ 24.79 %) in the
C6 group, in contrast to a very high correlation in healthy
people (96.66 = 1.90 %) (p < 0.05). These differences were
obtained between C7 SCI patients and healthy people too
(p < 0.01; Table 3).

Within the reaching, distal (ransport and retuming (o the
starting point phases, significant differences were not found
between the three populations analyzed.

a Accuracy index b Efficiency index
e — 120
—_—
80
80 | —
60
% o 60
40 T 40
20 20
Healthy C6 group C7 group Healthy C6 group C7 group

Groups analyzed

Groups analyzed

Fig. 5 Box plots for the three groups analyzed for the accuracy (a) and efficiency (b) indices. Each box plof represents the median, the ampli-

tude of the first and third quartile and the maximum and minimum values



Fig. 6 Box plots for the

three groups analyzed for the
coordination index. Each box
plot represents the median, the
amplitude of the first and third 100
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4 Discussion

In this paper, three novel kinemalic indices for quantifying
movement accuracy, efficiency and coordination, respec-
tively, during the performance of the ADL of drinking have
been defined and computed by means of a mathematical
formulation. The results suggest that these indices are dis-
criminative in terms of UL functionality between the popu-
lations analyzed.

4.1 Kinematic indices proposed

The kinematic indices presented in this research have been
computed from the hand path during the performance of
the drinking ADIL., as for example, accuracy and efficiency
indices. However, the coordination index has been com-
puted from shoulder and elbow joint movements. This set
of indices allows the asscssment of these motor conirol
aspects, providing to the clinical staff useful information in
relation to the UL performance.

The accuracy index is a measure of the movement qual-
ity in terms of deviation of a subject’s movement from a
theoretical or desired (rajectory [10]. This index has been
considered a measure of the error in accuracy [10], and
in the literature, it was also called as “movement devia-
tion” or “tracking error” [42]. In the reviewed articles,
this index has been computed as the mean distance from
the Euclidean distance between points of the real and the-
oretical hand (rajectories [8, 10, 11]. Applied to reaching
movements, the theoretical trajectory has been the straight
line between starting and ending points [5, 6, 12, 18, 22,
29, 40]. However, in this research, the accuracy index pro-
posed takes into account a reference trajectory equal to the
mean of all (rajectories performed by a healthy subjects
group. The mean distances measured between the real

C6 group
Groups analyzed

C7 group

and the reference (rajectory are greater in patients groups
(88.6 & 36.30 mm in C6 SCI and 49.90 &+ 68.90 mm in C7
SCI patients) than in healthy subjects (37.30 £ 12.90 mm).
These mean distances are greater than those measured by
Colombo [10], in which the mean distance values obtained
were between 20.98 + 15.53 and 3294 = 13.51 mm. It
is necessary to take into account that, in this research, the
movement analyzed corresponds to the complete drinking
ADIL., a more complex movement that the movement ana-
lyzed by Colombo [10].

However, similar studies haven’t been found in the lit-
crature, in relation (o a global accuracy index like the one
proposed in this research. Each parameter within the accu-
racy index has detected some differences between healthy
and pathological populations, so the global index is able to
discriminate between the three groups analyzed. In pres-
ence of less functional impairments (C7 SCI against C6
SCI patients), the hand trajectory is more adapted (o the
healthy pattern.

Moreover, the spatial deviation, the time variability of
the trajectory, was analyzed in the literature [37]. In this
research context, this topic has been analyzed in the effi-
ciency index. This index was computed from the hand (ra-
jectory length as the Euclidean distance between consecu-
tive samples. Then, the result was normalized by the mean
length for the healthy pattern. This index was found in the
literature applied to the reaching movement [6, 18, 22, 29,
40]. Trajectory length values were not found in the litera-
ture. Instead of that, only the ratio between the length of
the real and theoretical trajectory was reported [10]. So,
values greater than one correspond to less efficient move-
ments due (0 the exccution of longer trajectorics |6, 40].
Because of this, in this research, the efficiency index has
been inverted for greater results correspond to well-exe-
cuted movements in terms of efficiency.



In relation (o the coordination index, it was found in the
literature applied to the reaching movement and computed
from the flexion—extension movements of the shoulder and
clbow joints [15, 31, 32, 43]. Other study computed the
movement coordination during the forward transport phase
within the ADIL. of drinking, from the flexion—extension
movement in elbow joint and abduction—adduction move-
ment in shoulder joint [24]. However, in this research, the
coordination index has analyzed the complete ADL. of drink-
ing, as a weighted average from the correlation analysis of
each ADL phase with a hand displacement: reaching, for-
ward and distal transport and returning (o the starting point.
Although the coordination was high in the three groups
analyzed, this index was statistically different between C6
SCI patients and the other two groups. Murphy analyzed
the movement coordination for the reaching phase within
the ADL of drinking, applied to healthy and stroke people,
obtaining the lowest results in moderate stroke people [32].

The results show that the proposed indices are adequate
for detecting functional UL impairments, when they have
been applied to people with different level of motor com-
plete cervical SCL

4.2 Contributions of the kinematic indices

The contributions of the kinematic indices developed are
presented following the order shown in the introduction
section in relation to the deficiencies found in the kinematic
indices reviewed in the literature [13].

The kinematic metrics found in the literature usually
consist of the kinematic variables directly obtained from
movement analysis equipments, expressed as absolute val-
ues in the corresponding units depending on the kinematic
variable analyzed [9, 14, 31, 36]. The kinematic indices
defined in this rescarch are novel by proposing a mathemat-
ical formulation for each one as a combination of kinematic
variables and expressing the results in a dimensionless for-
mat and relative (o a refcrence pattern of healthy subjects.
To present the indices results relative to a reference pattern
allows to solve the ceiling effect observed in some clini-
cal scales [41] and to offer the possibility of a subject over-
comes the scoring of the reference pattern in the kinematic
indices proposed. On the other hand, other advantage of
this scoring system proposed is that may allow an easier
understanding of the patient progress with respect to him-
self and to what extent his motor performance gets closer
or away with respect to the reference pattern.

In this regard, there may be an inconsistency in the kine-
malic metrics due (o an increase in the variable corresponds
to a decrease in the movement characteristic that the index
represents. For example, it occurs for the smoothness index
expressed as the peaks number in the velocity profile dur-
ing the movement [36]. This effect has been found in the

literature, in the movement cfficiency index computed as
the ratio between the hand path length performed by the
patient and a theoretical path length considered the straight
line between the initial and ending point. This formulation
has been applied to reaching movements, considering the
theoretical path length the straight line between the initial
and ending points [13]. From this computation, a ratio near
to one indicates a good motor performance. However, the
higher this ratio, greater the deviation between both (rajec-
tories (the ideal and real trajectories), and therefore, worst
motor performance [10]. So in this research, this problem
has been solved, and all indices have been designed follow-
ing a scoring system, chosen for that an increase in their
scoring means a better functional state of the patient.

Other important contribution of this research is the UL
assessment during the performance of complete ADL,
while the most research articles are centered in the reach-
ing and point-to-point movement analysis [6, 8-10, 18, 23,
29, 36]. The kinematic studies for analyzing UL movement
during the execution of ADIL. have been performed mostly
in healthy people [1, 25, 30, 31, 35, 38], being scarce in
SCI populations [14]. In this research, the ADL of drink-
ing {rom a glass has been selecled as a representative ADL
because its correct execution for maintaining the glass in
the hand requires UL control, coordination, accuracy, and
force. These characteristics and motor control aspects are
impaired in presence of neurological diseases. In a clini-
cal point of view, the understanding in relation to the UL
functional deficits during the execution of ADL is very
interesting taking into account the rehabilitation objec-
tives, centered in reaching the maximal independence level
of patients in ADL exccution. For that reason, although the
kinematic indices have been applied to patients with cervi-
cal SCI, this methodology could be applied to people with
other neurological pathologies that produce UL movement
disorders such as stroke or cerebral palsy.

4.3 Study limitations

This study has some limitations. Iirstly, in relation to the size
of the sample analyzed, the number of participants within the
healthy and the C6 SCI groups is nearly twice of the C7 SCI
group. However, i’s necessary (0 take into account that five
movement recordings have been analyzed for each person,
and in this sense, the results obtained seemed to be sound.
On the other hand, the comparison with other indices in
the literature is scarce due to there is no evidence of similar
kinematic indices, designed for quantifying UL dexterity
and ability during the exccution of a complete ADL., whose
computation is made from the combination of several kin-
ematic variables. Moreover, the lack of standardization in
the experimental protocols and the functional tasks chosen
complicate the comparison between studies [38].



Above, in previous paragraphs, we have exposed that
an advantage of this scoring system proposed is that may
allow an easier understanding of the patient progress with
respect to himself and to what extent his motor perfor-
mance gets closer or away with respect to the reference pat-
tern. However, in this paper, only the discriminative capa-
bility of the kinematic indices proposed has been proved
with the aim of detecting and quantifying UL impairments.
So, further research is needed, and the following step is to
analyze the physiological meanings of the derived dimen-
sionless indices for their possible use as evaluative meas-
urements in a clinical setting. To reach that purpose, the
validity, reliability, and the responsiveness to the change
must be proved for each kinematic index [3]. The first step
is to correlate the kinematic indices proposed with the
clinical scales more frequently used in SCI patients [2, 41];
and then to analyze the responsiveness to the change [33],
taking into account the minimal detectable change in each
index [43]. These objectives should be addressed in a sam-
ple of patients with incomplete cervical SCI, taking into
account that these patients present capabilities for improv-
ing the motor performance in relation to the UL functional-
ity. For that reason, these objectives are beyond the scope
of this research.

5 Conclusions

In this paper, three kinematic indices have been proposed
with the aim of quantifying UL functional impairments in
people with SCI. These indices, accuracy, efficiency, and
coordination, are computed from the hand path and shoul-
der and elbow joint angles during the performance of the
ADL of drinking. They are adequate for discriminating
between healthy and people with different metameric level
of cervical SCI. Further research is needed for analyzing
the indices capability as evaluative measurements, includ-
ing the analysis of their validity, reliability, and sensitivity
to the change.
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