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Abstract

Received:

Upper limb strength is impaired to some extent in people who have suffered
neurological diseases as cervical spinal cord injury (SCI). More than 70% of these
patients had expressed as a very important improvement in the quality of their lives the
potential restoration in arm and hand function. In this context, quantitative measures
of human movement quality are significant in the rehabilitation field for expressing
the outcomes attributable to particular treatments, discriminating between healthy
and pathological conditions and/o reporting on the degree of recovery achieved.
Three-dimensional kinematics analysis equipments are used for quantifying human
movements in clinical laboratories, providing objectivity to the patient assessments.
Nowadays, the efficient management of the data sets obtained is a demand and a
challenge in the clinical setting. A set of novel kinematic indices, as a combination of
kinematic variables, for quantifying upper limb motor disorders have been proposed
for measuring patients’ motor performance during the activity of daily living of
drinking from a glass related to ability and dexterity such as accuracy, efficiency, agility,
smoothness and coordination. However, the relationship between the set of kinematic
indices hasn’t been analyzed in previous studies. We present an application of the PCA
statistical method that can account for the relations between the kinematic indices
proposed in our previous studies. The analysis has been made in the indices results
from healthy people and SCI patients. As conclusion, PCA allows for the detection of
different motor control characteristics in both populations analyzed and the influence of
the injury in the importance and relevance of the characteristics detected
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Introduction
Upper limb motor control is impaired to some extent in people
who have suffered neurological diseases as cervical spinal cord
injury (SCI), making it difficult for them to perform autonomously
the activities of daily living. More than 70% of cervical SCI patients
had expressed as a very important improvement in the quality
of their lives the potential restoration in arm and hand function
[1,2]. In this context, quantitative measures of human movement
quality are significant in the rehabilitation field for expressing
the outcomes during different kind of treatments, including

rehabilitation, discriminating between healthy and pathological
conditions, and for helping in the decision making in the clinical
setting [3,4]. Three-dimensional kinematic analysis equipment’s
are used for quantifying human movements in clinical laboratories.
These systems may provide objectivity to the patient assessments.
Nowadays, the kinematic variables found in the literature have
some deficiencies, and the efficient management of these data sets
is a demand and a challenge in the clinical setting. In this sense,
a set of novel kinematic indices, as a combination of kinematic
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variables, for quantifying upper limb motor disorders have been
proposed. These kinematic indices assess the upper limb function
in terms of characteristics in relation to ability and dexterity such
as accuracy, efficiency, agility, smoothness and coordination. These
indices are defined for measuring patients’ motor performance
during the activity of daily living of drinking from a glass. In this
way, the capability of the kinematic indices for discriminating
between the healthy and pathological condition after cervical SCI
was analyzed [5,6].

Neurological pathologies like SCI, stroke, Parkinson disease
and other ones are all know to affect gross motor coordination,
obtaining impairment of sensorimotor patterns during the
performance of behaviors such as gait and UL activities related
to objects manipulation [7]. Only modest advances have been
made in identifying and quantifying the observed differences
between healthy and pathological condition. So, Daffertshofer
et al. maintained that the application of Principal Component
Analysis (PCA) method may help to strengthen these comparisons.
To apply PCA within the rehabilitation and other interventions
fields may help to detect changes in the coordination patterns and
motor control features. However, the relationship between the
set of kinematic indices hasn’t been analyzed in previous studies.
Principal components analysis (PCA) or factor analysis has been
previously applied for studying the grasping movement [8,9] the
control of hand prostheses [10] and gestures recognition [11,12].
Moreover, this statistical method has not been very much used
within the field of UL movement coordination and motor control,
even though it has proven valid to reduce data dimensionality and
redundant information in a data structure. The aim of the present
work is to apply the PCA statistical method that can account for the
relations between the kinematic indices proposed in our previous
studies. To carry it out, the indices results from a sample of healthy
subjects and two different groups of cervical spinal cord injured
patients were used.

Materials and Methods
Participants

The sample analyzed and included in the study was of 21
subjects, divided into three different groups: a healthy subjects
(HS) group (n=7); plus two more groups of patients with motor
complete cervical SCI with metameric level C6 (n=7) and C7 (n=7)
respectively. Although C6 SCI patients are more affected that C7
SCI patients, all of them retain control of the elbow flexors and the
wrist extensor muscles but only C7 patients retain strong active
control of the elbow extensor muscle in addition to elbow flexors
and wrist extensors. However, both patients’ groups lose the ability
to perform active prehension movements [13]. The inclusion
criteria were the following: age between 16 and 65 years, injury of
at least 6 months’ duration and level of cervical injury, metameric
levels C6 or C7, neurologically classified according to the American
Spinal Injury Association (ASIA) scale into grades A or B [14].
So, all the patients suffered a cervical SCI complete in the motor
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aspect. Patients who presented any exclusion criteria as vertebral
deformity, UL joint constraint, balance disorders or cognitive
deficit were excluded. Patients were classified into C6 and C7 SCI by
a physical examination performed by a physiatrist-board certified
in SCI medicine.

The ASIA right upper limb motor index (ULR) was obtained
[14], with the assessment of the strength of five muscles groups
of the right UL. Each muscle group can be assessed between the
score 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 was obtained from all individual
participants included in the study, which was approved by the
Local Ethics Committee, Toledo, Spain. For the statistical analyses
of these variables, one-way ANOVA, unpaired Student’s t test and
Chi square test (χ2) were performed with Sigma Plot 17.0 software.
All results were considered statistically significant at p <0.05.

Experimental Setup

UL movement was recorded by means of the Coda motion
photogrammetry system (Charnwood Dynamics, Ltd, UK) based
on active markers, which connected to the batteries emit infrared
light captured by three scanner units. For the performance of this
study 21 markers were used, placed on the skin surface in the trunk
and the right arm (Figure 1): 8 markers allowed to compose the
biomechanical UL model, consisted on the trunk, arm, forearm
and hand body segments; the other 13 markers were located on
clusters to determine the position and orientation of each body
segment in the space. So, three markers clusters were used:
one on the trunk, other one on the arm and the last one on the
forearm. However, the corresponding three markers of the hand
were placed on the dorsal side on the skin surface. 3D marker
positions are calculated instantly with a spatial resolution of 0.1
mm. All the participants, instrumented with Coda motion markers
and seated in a wheelchair in front of a table, adjustable in height,
performed only one experimental session in the laboratory. The
proof consisted on the execution of 5 complete cycles of the ADL
of drinking. All this experimental setup was described in detail in a
previous study [15].

Figure 1: A patient instrumented with Coda motion
markers during an experimental session.
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We introduced two changes with respect to the previous
experimental protocol we had used in previous works: the first
one was the distance to the glass placed on the table -in this
study the glass was placed in the midline of the body, to the 75%
of the maximal UL reaching [16] with the aim of avoiding the
performance of compensatory movements of the trunk- and the
second one was the inclusion of an additional scanner unit with
the aim of improving the data acquisition and markers visibility.
The drinking ADL included to reach and grasp the glass, to lift the
glass to the mouth, to simulate a swallow, releasing the glass on the
table and returning to the starting position. They were instructed
for initiating the drinking task at a self-selected speed. All the
participants were right-handed and performed the movement with
their right arms. For computing joint kinematics from position
data of Coda motion markers, a biomechanical model of 6 degrees
of freedom (DoF) previously published was used [15]. Data
were filtered with second-order Butterworth filter with a cut-off
frequency of 4 Hz. The model included the trunk, right arm, right
forearm and the right-hand body segments. The rotation centers
were estimated from markers placed on bony prominences on the
skin surface. Kinematic indices in relation to dexterity and ability
of the UL were calculated from hand trajectory during a complete
cycle of the drinking ADL and the speed profile in magnitude,
obtaining by the computing of the first derivative.
To facilitate analysis, the drinking ADL was divided into 5
consecutive phases, following Murphy’s study guidelines [17].

Kinematic Indices

Kinematic indices assess UL ability and dexterity, such as

Table 1: Demographic characteristics of the sample analyzed.
Demografic Variables
Healthy Subjets
(HS)
C6 SCI patients
C7 SCI patients

accuracy, agility, efficiency, smoothness and coordination. UL
functional deficits after neurological diseases are reflected in
compensatory movements in proximal joints. Hence, these indices
were designed and validated to detect UL functional. The complete
development of the kinematic indices was described in detail,
including their capability to discriminate between the healthy and
pathological condition after a cervical SCI [5,6].

Principal Component Analysis

PCA is applied to extract the relevant information within high
dimensional data samples by considering only those principal
components that explain sufficiently high fractions of the complete
data set in function of its variance [7]. But when PCA is chosen
to analyze a data sample, part of the correct procedure involves
checking that the dataset to analyze can be analyzed by using this
statistical method. So, several assumptions in relation to the dataset
have to be considered [18]. To apply the Principal Component
Analysis statistical method, SPSS software was used.

Results

Demografics
No statistically significant differences were found between the
three subpopulations studied related to gender (χ2, p>0,05), age in
years (HS: 28.0±5.0; C6 SCI: 34.0±5.0; C7 SCI: 32.0±9.0; ONE WAY
ANOVA, p>0,05) and anthropometric parameters- height in cm
(HS: 168±20.0; C6 SCI: 175.0±10.0; C7 SCI: 182.0±8.0; ONE WAY
ANOVA, p>0,05); weight in Kg (HS: 65±21.1; C6 SCI: 90.2±7.1; C7
SCI: 82.5±9.1; ONE WAY ANOVA, p>0,05).
Background data of participants are provided in Table 1.

Anthopometric Variables

SCI Derived Variables

Gender (%male)

Age (years)*

Height (cm)*

Weight* (kg)

Time after SCI (months)*

AIS(%A /%B)

ULR

3 (42.8)

28.0 (5.0)

168.0 (20.0)

65.0 (21.1)

-

-

25.0 (0.0)

4 (57.4)
4 (57.4)

Principal Component Analysis

34.0 (5.0)
32.0 (9.0)

175.0 (10.0)
182.0 (8.0)

The components extracted from the application of PCA method
are shown in Table 2. The accumulated percentage of explained
variance from the data sample related to the kinematic indices
was for the HS 94.826% by means of four principal components
versus 81.755% for the SCI patients’ group taken C6 and C7 SCI
subjects together by means of only three components. From the
loading matrix, the HS four components were related to accuracy
(including efficiency), agility, coordination and smoothness
(Table 3). However, the SCI patients´ accumulated variance
was distributed as follows: the first was related to accuracy, the

90.2 (7.1)
82.5 (9.1)

8.5 (2.2)
7.5 (1.8)

3 (42.8)

/4 (57.2)

3 (42.8)/4
(57.2)

13.0 (3.0)
17.6 (4.4)

second, to a combination of agility, coordination and smoothness;
and the third, to efficiency. To determine if the procedure we
propose was able to discriminate between patients with different
metameric levels of spinal injury, a second analysis was carried out,
separating the patients between C6-SCI and C7-SCI. Interestingly,
the accumulated percentage of explained variance was for the C6SCI patients 94.361% by means of three principal components but
amounted to 100% for the C7-SCI patients and by means of only
two ones (Table 2). From the loading matrix, the C6-SCI patients´
accumulated variance remained distributed related to firstly to
accuracy and efficiency, secondly to the same combination of agility,
coordination and smoothness and thirdly to smoothness (Table 4).
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However, the first component of the accumulated variance among
the C7-SCI patients´ was related to a combination of accuracy,

efficiency and smoothness and the second and the last, to another
combination of agility, coordination and smoothness (Table 5).

Table 2: Eigenvalues and percentages of variance associated with each component for the three groups analyzed.
Healthy subjects

C7 SCI

C6 SCI

COMPONENT

Eigenvalue

% var

%accum

Eigenvalue

% var

%accum

Eigenvalue

% var

%accum

1

5.866

48.887

48.887

6.594

54.951

54.951

6.100

50.834

50.834

3

1.555

12.959

83.252

1.734

140446

94.361

2

2.569

4

21.406

1.389

70.293

11.573

5.406

45.049

100.000

94.826

3.490

29.080

79.915

Note: % var corresponds to the percentage of explained variance and % accum corresponds to the accumulated percentage of
explained variance.
Table 3: Loading matrix of component solution performed on
the kinematic indices computed for the HEALTHY SUBJECTS.
Salient loading values are printed in bold font.

Table 5: Loading matrix of component solution performed
on the kinematic indices for the C7 SCI group. Salient loading
values are printed in bold.
Components

Components
Index

1

2

3

4

Accuracy (A)

0.95

0.14

-0.06

0.28

-0.20

0.11

α

0.98

BN

0.83

µ

0.28

-0.08

0.96

ρ

Agility (Ag)
γ

Efficiency (E)

Coordination (C)
Smoothness (S1)
Smoothness (S2)

0.89

-0.10

-0.02

0.29

-0.14

0.42

-0.91

0.27

-0.39

0.06

0.64

-0.27
-0.78

-0.54

0.09

0.09

0.08

0.81

-0.50
0.11

0.09

0.61

0.17

0.54

0.41

-0.08
0.17

-0.09
0.10
0.27

-0.35
0.83

-0.02

Table 4: Loading matrix of component solution performed on
the kinematic indices for the C6 SCI PATIENTS´GROUP. Salient
loading values are printed in bold.
Components
Index

1

2

3

Accuracy (A)

0.93

-0.22

0.27

-0.20

0.12

α

0.92

BN

0.87

µ

-0.35

-0.67

Efficiency (E)

-0.65

Smoothness (S1)

0.43

ρ

Agility (Ag)

0.94

0.91

-0.22
-0.31
-0.18

0.03
0.34
0.33

0.28

0.90

0.50

Coordination (C)

0.52

0.49
0.72

0.53

Smoothness (S2)

-0.58

γ

0.83
0.38

0.17
0.41

-0.15
0.67

Index

1

2

Accuracy (A)

0.98

-0.16

α

0.95

BN

0.99

ρ

Agility (Ag)
µ

0.84
0.82
0.38

0.28

-0.53
0.08
0.46

-0.92

-0.02

1.00

Coordination (C)

0.15

0.98

Smoothness (S2)

0.93

-0.36

γ

Efficiency (E)

Smoothness (S1)

Discussion

-0.95
0.17

0.30

0.98

In this study we present an application of the PCA statistical
method that can account for the relations between the kinematic
indices proposed in our previous studies. It was decided to carry
out a deeper statistical analysis of our previous kinematic data
to test the ability of the PCA procedure to discriminate between
different SCI patient populations, with different metameric level of
injury and subsequently different upper limbs motor control. As far
as the authors’ knowledge goes, this is the first work that applies
the PCA to a sample of spinal cord injured patients with severe
and complex deficits in the upper limbs motor behavior. We found
that, for the ADL of drinking, the PCA of our previously described
kinematic indices was able to detect different motor control
characteristics between healthy subjects and patients with cervical
SCI but also between patients with two different metameric levels
of injury, C6 and C7 motor complete ASIA A or B. We decided not
to include motor incomplete lesions ASIA grade C and D in this first
study, since the heterogeneity in motor behavior among them is
greater and more complex to understand. It has been extensively
proven the ability of kinematic analyses to accurately describe the
characteristics of the upper limbs motor control after cervical SCI,
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either the main deficits or the secondary behavioral compensations
[19,20], compared to the clinical scales commonly used [5,6].
On the other hand, it is also well established that the factor that
most directly determines residual motor behavior after SCI is the
metameric level [21].
Although our data have proven useful to differentiate between
C6 and C7 motor complete SCI patients and between healthy and
spinal injured subjects, it is worth mentioning that these three
subpopulations shared many of the indices in the first principal
component, which could mean that the motor control characteristics
that these indices represent- accuracy and efficiency especiallywould be predominantly selected in all types of motor behavior,
both normal and pathological. PCA analysis was previously
applied to study the grasping movement [8,9] the control of hand
prostheses [10] and gestures recognition [11,12]. In relation to
UL kinematics, Merlo et al. investigated by means of this method,
the dependency on the task characteristics of several kinematic
variables measured form Armeo Spring device in healthy subjects
[22]. In future works it will be necessary to confirm our results with
a larger sample that also includes incomplete motor patients and
the analysis of the distribution of each of them according to the
main component in which they are found, in order to determine if
they exist really patterns associated with each level and what is its
physiological significance.

Conclusion

As conclusion, PCA allows for the detection of different motor
control characteristics in both populations analyzed and the
influence of the injury in the importance and relevance of the
characteristics detected. These motor control characteristics will
be computed by the Leap Motion Controller device.
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