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ABSTRACT

Background: Quantitative measures of human movement quality are important for discriminating healthy and
pathoelogical conditions and for expressing the cutcomes and clinically important changes in subjects' functicnal

scales, that previously have been standardized and validated, bul have a high subjective component depending
on the observer who scores the test, But they are not enough to assess motor strategies used during movements,
and their use in combination with other more objective measures is necessary. The objective of the present re-
view is Lo provide an overview on ebjective metrics found in literature with the aim of quantifying the upper ex-
tremity performance during functional tasks, regardless of the equipment or system used for registering
kinematic data.

Methods: A search in Medline, Google Scholar and IEEE Xplore databases was performed following a combinaticn
of a series of keywords. The full scientific papers that fulfilled the inclusion eriteria were included in the review.
Findings: A set of kinematic metrics was found in literature in relation to joint displacements, analysis of hand (ra-
jectories and velocity profiles, These metrics were classified into different categories according to the movement
characteristic that was being measured.

Interpretation: These kinematic metrics provide the slarting point for a proposed objective metrics for the func-
tional assessment of the upper extremity in people with movement disorders as a consequence of neurclogical
injuries, Potential areas of future and further research are presented in the Discussion section.

component, depending on the observer who visually scores the test.
These clinical scales have been classified into several categories such

Impaired upper extremity function is one of the most common se-
quelae after Central Nervous System (CNS) injuries (Nakayama et al.,
1994; Parker et al, 1986; Wade, 1992). Quantitative measures of
human movement quality are significant in the rehabilitation field for
expressing the outcomes during rehabilitation treatments and assessing
their efficacy, discriminating between healthy and pathological condi-
tions (Yang et al., 2002), and for helping in the decision making in the
clinical setting.

The most frequently used measure instruments in clinical settings
for the upper extremity assessment are a set of classic clinical scales,
which have been previously defined, validated and standardized.
These scales are easy to administer, however, the main disadvantage
of these quantitative measures is that they have a high subjective

as strength, functional or activities of daily living {ADLs) tests (Van
Tuijl et al., 2002). The functional tests are classified into general clinical
scales such as Jebsen-Taylor Hand Function (Jebsen et al., 1969), Arm
Research Assessment Test (ARAT) and Nine-Hole Peg Test; and specific
clinical scales applied to spinal cord injury (SCI) (Van Tuijl et al., 2002),
stroke (Fugl-Meyer et al., 1974) or cerebral palsy (CP) (Boyce et al.,
1991). Related to the ADL assessment some of the most important mea-
sures are Barthel Index (Mahoney, 1965) or Functional Independence
Measure {FIM) (Keith, 1987) and specific in SCI, Spinal Cord Indepen-
dence Measure (SCIM) (Catz et al., 1997), but still having a very high
subjective component depending on the observer who scores the test.
However, only functional and clinical assessments are not enough to as-
sess motor strategies used during movements (Cacho et al,, 2011), and
their use in combination with other more objective measures is
necessary.

The idea of using objective metrics for the upper extremity assess-
ment isn't new. The reaching movement has been analyzed for more



than 100 years. Burdet et al. proposed that the first experience was per-
formed by Woodworth in 1899 for quantifying reaching movements
(Burdet and Milner, 1998). Early, in 1954, Fitts proposed two objective
metrics for quantifying the performance and the difficulty of a task.
For this purpose, in the experiments performed, the movement ampli-
tude and the size of the object to reach were modified with the aim of
analyzing the speed-accuracy trade-off during a task (Fitts, 1954).
This trade-off has been studied by other authors. Even Fitts' metrics
were extended and two modified metrics were proposed for the assess-
ment of the movement quality (Yang et al,, 2002), Burdet showed that
the velocity profile of adult subjects depends on accuracy requirements
during the task (Burdet and Milner, 1998) and Volman analyzed how
the functional context of the task influenced the motor performance
which shows the results in term of kinematic metrics (Volman et al,,
2002).

The kinematic study can provide accurate and objective information
about motor strategies associated with goal-oriented tasks, and monitor
administration of therapeutic techniques for the upper extremity. Dur-
ing the last fifteen years, many kinematic studies have been performed
in laboratory settings with the aim of quantifying the upper extremity
movements during complete ADL in healthy people (Aizawa et al.,
2010; Magermans et al., 2005; Murgia et al., 2010; Murphy et al.,
2006; Namdari et al., 2012; Petuskey et al., 2007; Van Andel et al.,
2008) and people who have suffered stroke (Kim et al., 2014; Lang
et al., 2006; Murphy et al, 2011, 2013; Osu et al., 2011), CP (Butler
et al., 2010; Klotz et al., 2013) or SCI (de los Reyes-Guzman et al.,
2010). An important component of a rehabilitation treatment is a quan-
tified assessment that is sensitive to the outcome of interest. Murphy
et al. have studied several kinematic metrics responsiveness during
the ADL of drinking and the results have been compared with clinical
scales (Murphy et al., 2013) to identify motor and functional recovery,

On the other hand, devices for robot-aided neurorehabilitation are
increasingly being incorporated into patients' care programs after
stroke (Bosecker et al., 2010; Colombo et al., 2008, 2012; Ellis et al.,
2008; Zollo et al,, 2011) or spinal cord injury (Zariffa et al,, 2012), and
these devices can serve as precise and reliable measurement tools that
record simultaneously kinematic and kinetic data. Recently, Bosecker
et al. (2010) and Colombo et al. (2008, 2012) have provided the first
experiences of evaluation metrics based on robot kinematic data for
quantifying motor recovery of stroke patients during robot-aided reha-
bilitation. Although a previous review was published related to metrics
from data measured by means of robotic systems (Balasubramanian
et al,, 2012a), to our knowledge, a survey was not found related to ob-
jective metrics regardless of the system used for extracting kinematics
data. Kinematic data are a quantified measure of active and passive
ranges of movement, the size of the workspace of the hand, the execu-
tion time, and the velocity of the movement. Kinematic also provides in-
formation about the movement's quality with respect to coordination,
smoothness and other functional characteristics (Murphy et al., 2011).

The aim of the present review is to present an overview in relation to
objective metrics found in literature to quantify the upper extremity
function regardless of the system used for extracting kinematic data
and the movements analyzed. Firstly, the methodology related to the
search strategy and the inclusion and exclusion criteria for selecting ar-
ticles is presented. In the Results section, the objective metrics found in
literature are described and classified according to the movement char-
acteristic that they quantify. Then potential aspects for further research
are discussed.

2. Methods
2.1, Search strategy
An electronic search was performed by one reviewer to find all arti-

cles on the topic of functional assessment of the upper limb. The data-
bases included Medline, Google Scholar and [EEE Xplore covering the

period from 2002 to December 2013, using combinations of the key-
words “upper extremity”, “functional assessment”, “kinematics”, “ro-
botic rehabilitation”, “movement quality” and “objective metrics”,
“And” and “Or" conjunctions were used during the search. Only English
language articles were considered. A manual search of references of rel-
evant considered studies and other publications from the authors of the

found articles was also performed.

2.2, Inclusion and exclusion criteria

Three people assessed the titles and abstract of the articles, The arti-
cles included in the study fulfill the following criteria: (i) investigation
of the upper extremity during reaching movements, activities of daily
living or functional tasks, (ii) clear and documented purpose of the def-
inition or application of quantitative functional metrics from kinematic
data, (iii) full scientific papers. Reports related to robotics systems were
included if the purpose of the study was the quantitative assessment
from kinematic data. Studies with the aim of quantifying the motor per-
formance of the upper extremity from kinematics data in healthy peo-
ple or after neurological injuries such as stroke, cerebral palsy or
spinal cord injury were included. Studies published as conference pro-
ceedings were excluded from the review.

3. Results
3.1. Search yield

The initial search of the databases yielded 737 results. After the re-
view of titles and abstracts and to reject duplicated articles, 141 articles
were selected. After the application of the inclusion and exclusion
criteria, 40 articles related with the functional evaluation of the upper
limb in an objective way were selected and other 5 articles related to
the upper extremity quantitative assessment from kinematic data
were identified from the manual targeted search. A total of 45 articles
were selected for inclusion in the current review (Fig. 1).

In the following sections, the term reviewed articles is related to the
45 selected articles.

3.2. Movement analyzed

The upper extremity movements were classified into two categories
according to clinical scale classification: functional movements and
complete ADL (Table 1) (Van Tuijl et al., 2002). This method was used
in the following sections for classifying the 45 selected articles.

During the last 10 years, several kinematic studies have focused on
ADL involving an upper extremity (Aizawa et al., 2010; Butler et al.,
2010; de los Reyes-Guzman et al., 2010; Magermans et al., 2005;
Murphy et al., 2006; Namdari et al., 2012; Petuskey et al.,, 2007). Kine-
matic data for upper extremities can be collected using studies of vari-
ous tasks considered representative of ADL. Furthermore, purpose-
oriented movements must be analyzed because the musculoskeletal
system can accomplish a motor task in many ways by selecting a suit-
able trajectory and inter-joint coordination {Kim et al., 2014) and it pro-
vides more validity to the studies performed (Murphy et al., 2011).

Within the populations analyzed, in healthy people the most com-
mon movement analyzed was ADL, in 7 {77.8%) of the studies in this
population. Normally, these studies analyzed several ADLs with the
aim of computing normative data in relation to kinematic variables
{Aizawa et al, 2010; Murgia et al., 2010; Murphy et al.,, 2006; Namdari
et al, 2012). However, in populations with neurological injury, the
most frequently analyzed movements were functional movements re-
lated to reaching movements, reach and grasp movements or drawing
trajectories as circles or squares (Tables 1 and 2).
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Fig. 1. Flow diagram of the search strategy results.

3.2.1. Movement capture systems

In the reviewed articles, the motion capture techniques most fre-
quently used were opto-electronic systems based on active or passive
markers. 24 (53.4%) of the reviewed studies have used these systems
(Table 2). Robotic devices were the following most frequently used,
in 15 (33.3%) of the total full articles; 5 studies (11.1%) used electro-
magnetic sensors for registering the upper extremity movement;
and only one study used inertial sensors (2.2%). These results have
been included in Table 2.

3.3. CNS injuries

Usually kinematic metrics have been used for quantifying the motor
performance of healthy people, or people who have suffered any neuro-
logical injury, such as stroke, SCI or CP with the aim of finding significant
differences between the groups analyzed for the metrics proposed. As it
has been shown in a previous section, full articles related to the func-
tional assessment with objective metrics in people with any of these in-
juries were included for reviewing (Table 2).

The neurological injury most frequently studied was stroke, in 25
(55.6%) of the reviewed articles; CP was analyzed in 8 (17.7%) of the se-
lected studies and 3 studies, the 6.7%, corresponded to metrics applica-
tion in people with SCI. The rest of the articles, 9 studies (20%), were
related to healthy population.

3.4, Purpose of the mefrics

Measure instruments must be designed according to the purpose of
the measure for using in a clinical setting. Several of the selected articles
performed experimental trials with healthy people and people who

have suffered stroke, CP or SCI (Table 2). These studies applied kinemat-
ic metrics with any of these purposes:

- Discriminative measures: Metrics are applied with the aim of detect-
ing statistical significant differences between healthy people and
people with neurological injury during the performance of function-
al movements (Jaspers et al., 2011; Van der Heide et al., 2005) and
ADL (de los Reyes-Guzman et al., 2010; Murphy et al,, 2011).

- Evaluative measures: Metrics could be useful as evaluative measure if
they fulfill the properties of validity, reproducibility and sensitivity
to the change:

O Validity: Kinematic metrics must correlate highly with clinical
scales {Celik et al., 2010; Colombo et al., 2008; Osu et al., 2011;
Van der Heide et al.,, 2005).

O Reproducibility: Metrics must present consistency between re-
peated measures within the session and between consecutive
days in the absence of clinical changes in a subject functional abil-
ity (de los Reyes-Guzman et al., 2010; Osu et al,, 2011; Wagner
et al., 2008).

O Sensitivity to the change: Metrics must have the ability of detect-
ing changes if any clinical change (positive or negative) has oc-
curred in relation to the functional ability of a subject (Murphy
etal., 2013).

- Predictive measures: Metrics are used for predicting the outcomes in
clinical scales by the application of regression models (Zariffa et al.,
2012).

3.5. Upper extremity movement-related metrics

In this section, a set of movement-related metrics has been proposed
through the review performed. These kinematic metrics were obtained



Table 1
Three categories for classifying the upper extremity movements analyzed.

Movement category Definition

Examples

Functional movements
Reaching movements  Point to point movements with starting and ending locations
Path drawing
point corresponds with the starting point

ADL Basic activities of daily living which involve reaching movement, object
manipulation, proximal and distal transport movements, releasing the

object and return to the starting position

Movements which require follow a desired closed trajectory. The ending

Point to point movements; reaching movements (horizontal and vertical
planes); reach and grasp movements
Drawing a circle path; a square path; figure-ol-8 trajectory

Drinking from a glass; to move the hand to the mouth; to move the hand to
the head for combing; personal hygiene

from measurements performed through the opto-electronic systems
and devices included in Table 2.

Each of the movement metrics examines a specific aspect of motor
ability or movement characteristic (Figs. 2a and 2b). In a previous re-
view on metrics from the use of robotic systems, Zollo et al. noted that
the information provided by each of these measures may not be exclu-
sive, and the names used in their survey may differ from those used in
the original and cited papers (Zollo et al., 2011). [n the present review,
we highlighted the same difficulty. The same metrics were called with
different names and so the adopted criteria for presenting the metrics
found in literature to the date were to use the most recently proposed
name in the reviewed literature.

The objective metrics proposed have been computed from joint dis-
placements, the trajectory or the speed or acceleration profile of the
hand during the movement analyzed, and metrics have been classified
into 9 groups according to the movement characteristic that it tries to

quantify,

3.5.1. Neuromuscular capability (functional range of motion)

Two metrics were classified into this group and quantify the upper
extremity range of motion from joints (Fig. 2b) and hand position data
(Fig. 2a).

- Joint range of motion
Within a given task this metric is a measure of the joint displacement
(Fig. 2b). This metric was computed during functional movements
(Ellis et al., 2008; Jaspers et al., 2011; Ronnqvist and Résblad, 2007)
and complete ADL {Aizawa et al., 2010; de los Reyes-Guzman et al.,
2010; Fitoussi et al., 2006; Kim et al., 2014; Murgia et al., 2010;
Murphy et al,, 2006, 2011; Namdari et al., 2012; Petuskey et al.,
2007; Van Andel et al., 2008). This metric was expressed in degrees.

Table 2

- Reaching range of motion
Related to the hand displacement during a task, it was computed in
Cartesian coordinates x,y,z during reaching movements (Zariffa
etal,, 2012). Balasubramanian et al. defined the reachable workspace
as the region that can be reached by the subject voluntarily
(Balasubramanian et al., 2012a) (Fig. 2a).

3.5.2. Movement speed
Two metrics were classified into this movement characteristic:

- Movement time

It's a measure of the time required to perform a functional task suc-
cessfully and quantifies the movement speed (Fig. 2a). This metric
was applied in practically all the studies reviewed. An improvement
in this metric is attributed to a better upper extremity function with-
in a given task. In reach and grasp movements, two modalities of
movement time could be estimated: (i) the movement time related
to reach the object to manipulate and (ii) the movement time re-
quired to stabilize the arm around the target and grasping the object
(Balasubramanian et al., 2012a). This metric applied to functional
movements mostly reaching movements, was used by several au-
thors (Balasubramanian et al., 2012a; Chang et al., 2005; Fasoli
et al,, 2002; Jaspers et al., 2011; Van der Heide et al., 2005; Volman
et al., 2002) and writing trajectories (Culmer et al., 2009).

In the analysis of ADL, the total movement time was divided into
phases composing the complete ADL. For example, in the activity
of drinking from a glass, the movement was divided into five phases
and events delimiting the phases: reaching (included grasping), for-
ward transport, drinking, back transport (included releasing the ob-
ject) and returning to the starting point. In these cases, the total
movement time was computed by summing the movement time

Classification of the reviewed articles by motion capture system used and movements analyzed.

Healthy (n = 9) Stroke (n = 25) CP(n = 8) SCl(n=3) Total reviewed articles (%)

Motion capture system
O]‘)’[(rE]E{tI‘m‘liC qutem 5|4,'|'/,'|'-I,}!|l‘:’.'| ] 10[:!17:’.'1“41,455&5:’.] 7|:',N.2,‘I.-5Hr'!9.42744] 2[ 12,30] 53.4
Rabotic device 1la7] 17131-35, 40.46,51-55, 57,61) q015] e g
Electromagnetic sensors 3heas.az] 215159 - - 22
Inertial sensors - 11581 - - 333
Movement analyzed
Functional movements

Reaching movements 214471 15127,31-354041,4549-52,54,55] §l15383942-94] ol12.36] 556

Path drawing £ 4l465357,61] = = 89
ADL 7l16-21] §123-265859] 512829) 11301 355

The numbers included between brackets are related to the following studies included in the bibliography:

(1)Nakayama et al., 1994; (2) Parker el al, 1986; (3) Wade, 1992; (4) Yang el al,, 2002; (5) van Tuijl et al,, 2002; (6) Jebsen et al,, 1969; (7) Fugl-Meyer et al,, 1974; (8) Boyce et al,, 1991;
(9) Mahoney, 1965; (10) Keith, 1987; (11) Catz et al,, 1997; (12) Cacho et al, 2011; (13) Burdet and Milner, 1998; (14) Fitts, 1954; (15) Volman et al,, 2002; (16) Namdari el al,, 2012;
(17) Murgia et al., 2010; {18) Aizawa et al,, 2010; (19) Van Andel et al., 2008; {20) Petuskey et al., 2007; {21) Murphy et al., 2006; (22) Magermans et al., 2005; (23) Kim et al., 2014,
(24) Murphy et al., 2013; (25) Murphy et al., 2011; (26) Osu et al., 2011; (27) Lang et al,, 2006; (28) Klotz et al., 2013; (29) Butler et al., 2010; (30) de los Reyes-Guzmadn et al., 2010;
(31) Colombo et al., 2012; (32) Zollo et al., 2011; (33) Bosecker et al,, 2010; {34) Ellis et al.,, 2008; (35) Colombo et al., 2008; (36) Zariffa et al,, 2012; (37) Balasubramanian et al.,
20122 (38) Jaspers et al., 2011; (39) Van der Heide et al., 2005; (40) Celik et al., 2010; (41) Wagner et al., 2008; (42) Ronngvist and Rosblad, 2007; (43) Fitoussi et al., 2006;
(44) Chang et al., 2005; (45) Fasoli et al., 2002; (46) Culmer et al., 2009; (47) Merlo et al,, 2013; (48) Jaspers et al., 2009; (49) Wagner et al., 2007; (50) Lang et al,, 2005; (51) Kamper
et al,, 2002; (52) Trombly and Wu, 1999; (53) Colombo et al., 2005; (54) Rohrer et al,, 2002; (55) Colombo et al,, 2007; (56) Rand et al., 2000; (57) Vergaro et al., 2010; (58) Thies
et al, 2009; (59) Lum et al., 2009; (60) Hogan and Sternad, 2009; {61) Dipietro et al., 2007; {62) Balasubramanian et al., 2012b.
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Fig. 2a. Metrics obtained from end-point (hand) kinematic data. The figure shows a set of kinematic metrics (discontinuous diagram) classified by the movement characteristics that rep-

resent {continuous diagram).

of each movement phase {de los Reyes-Guzman et al., 2010; Murphy
etal.,2011). The results were expressed in seconds and as a percent-
age of the total movement cycle. Other studies applied this metric to
complete ADL (Butler et al,, 2010; Murphy et al., 2006, 2013).

Maximum and mean velocity
These measures are related to the arm velocity attained during the
complete movement and they were computed from speed profile
of the hand or the end-effector (Balasubramanian et al.,, 2012a;
Merlo et al., 2013). The most frequently used parameter was the

between the starting point and reaching the object (Balasubramanian
et al., 2012a; Butler et al., 2010; Cacho et al., 2011; Celik et al., 2010;
Colombo et al., 2012; Fasoli et al., 2002; Jaspers et al., 2009; Kamper
et al., 2002; Lang et al., 2005, 2006; Merlo et al., 2013; Rohrer et al.,

2002; Trombly and Wu, 1999; Van der Heide et al., 2005; Volman

maximum hand velocity (Butler et al., 2010; Cacho et al,, 2011;
de los Reyes-Guzmadn et al., 2010; Fasoli et al., 2002; Jaspers et al.,
2009; Kamper et al., 2002; Lang et al., 2005, 2006; Murphy et al.,
2006, 2011; Trombly and Wu, 1999; Van der Heide et al., 2005;
Volman et al,, 2002; Wagner et al., 2007, 2008). Other studies
analyzed only the mean hand velocity during the movement
{Bosecker et al,, 2010; Celik et al.,, 2010; Colombo et al., 2005,
2012; Rohrer et al., 2002; Zariffa et al., 2012).

People with movement disorders after neurological injury perform
the movements with several peaks in the hand velocity profile. Usu-
ally, the first velocity peak and the maximum peak aren't the same,
so Murphy proposed to analyze the first velocity peak with the aim
of quantifying the movement initial effort (Murphy et al., 2011).

In relation to the movements analyzed, reaching movement was the
most frequently analyzed movement, so these values were computed

et al,, 2002; Wagner et al., 2007, 2008; Zariffa et al., 2012) or during
hand drawing trajectories (Bosecker et al., 2010; Colombo et al.,
2005) but they were representative for analyzing ADLs (de los
Reyes-Guzman et al,, 2010; Murphy et al.,, 2011).

3.5.3. Movement efficacy

- Active movement index
Within a given task this metric is defined as the percentage of the
task that the subject has performed voluntarily in an active way.
It's a measure of the movement efficacy (Colombo et al., 2007,
2008, 2012) (Fig. 2a). It's worth to take into account that this metric
was usually computed from the use of robotic devices, in which a
person starts the movement in a voluntary way and then, if there
isn't any movement, the robotic device assists the movement during
the task performance. However, this metric was called Fraction of
Reach (FOR) during reaching movements and was computed from
spatial coordinates by means of electromagnetic sensors (Kamper

et al., 2002).

Joint kinematics
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3.5.4. Movement efficiency

- Hand path ratio
It's a measure of how directly the hand moves toward the target
computed as the ratio between the length of the real subject's
hand path and the length of the theoretical or desired trajectory.
This metric quantifies the movement efficiency (Fig. 2a). Lang de-
fined an efficient movement as the movement that moves directly
to the target without extraneous or abnormal trajectories (Lang
et al., 2005).
This metric has been frequently used in literature during reaching
movements {Cacho et al., 2011; Jaspers et al., 2011; Kamper et al.,
2002; Lang et al., 2005; Merlo et al., 2013; Van der Heide et al.,
2005; Wagner et al,, 2008). The reaching movement in healthy peo-
ple is a highly stereotypic and coordinated movement consisting of a
well-executing arm trajectory (Rand et al., 2000). The theoretical
movement trajectory was considered the straight line between the
starting point and the target location (Butler et al., 2010; Cacho
et al, 2011; Culmer et al., 2009; Jaspers et al., 2011; Kamper et al,,
2002; Lang et al,, 2005, 2006; Merlo et al., 2013; Van der Heide
et al., 2005). So a metric result closed to 1 is representative of a
healthy pattern (Colombo et al., 2008). Patients tend to perform
more curved trajectories resulting in values greater than 1, so an in-
crease of this metric is related to a longer hand trajectory during the
movement. Other studies showed this result as a percentage {Merlo
et al,, 2013) and called this metric directness of the movement
(Trombly and Wu, 1999), direct efficiency (Colombo et al., 2008) or
index of curvature (Cacho et al.,, 2011; Jaspers et al., 2011; Van der
Heide et al.,, 2005).
In literature, one study was found that computed the trajectory cur-
vature from the first and second time derivatives of hand position
data within an ADL (Osu et al,, 2011).

- Index of difficulty and performance
These metrics are measures of the movement quality computed
from the time required to perform a reaching movement, the dis-
tance between the start and end points and the size of the object
to reach to (Fitts, 1954). Later, Yang et al. proposed the same quality
metrics in terms of polar coordinates applied to reaching move-
ments (Yang et al., 2002).

3.5.5. Movement accuracy

Three metrics were found within this classification: movement devi-
ation between trajectories, the error around the target and the spatial
overshoot.

- Movement deviation
It's a measure of the movement quality in terms of deviation of a
subject’s movement from a theoretical or desired trajectory
(Balasubramanian et al., 2012a).
This metric is considered a measure of the error in accuracy (Colombo
et al., 2008). In the literature, this metric was also called by the
name of the movement characteristic that it represents “accuracy”
(Colombo et al., 2008) (Fig. 2a) or “tracking error” (Vergaro et al.,
2010). It's computed as the mean distance from the Euclidean dis-
tance between points of the real and theoretical hand trajectories
(Celik et al., 2010; Colombo et al., 2007, 2008, 2012). Applied to
reaching movements, the theoretical trajectory has been the straight
line between start and end points.
Moreover the spatial deviation, the time variability of the tra-
jectory was analyzed in the study performed by Thies et al.
(2009).

- Target error
It's a measure of the movement quality in terms of accuracy (Fig. 2a)
as the end-point error around the target placement. This metric was
computed as the maximum distance from the index finger to the tar-
get location at the end of the movement (Lang et al., 2005). Target
error was analyzed mostly in point to point or reach and grasp

movements, This metric was called end-point error (Lang et al.,,
2005) in literature.
- Spatial overshoot

It's a measure of the spatial excess, if occurs, in any direction of the
movement, out of the limits described by the starting and the target
location and quantifies movement accuracy (Fig. 2a). This metric
was proposed in literature computed in horizontal and vertical
movement directions during reaching movements from end-
effector position data (Merlo et al,, 2013).

3.5.6. Movement smoothmness

- Ratio between mean and maximum velocity
It's a measure of the ratio between both anterior metrics previously
described as a quality measure in terms of smoothness (Fig. 2a). In
a healthy subject this value should be close to one, but in the pres-
ence of movement disorders this metric could detect alterations dur-
ing the movement pattern related to various acceleration and
deceleration periods or the presence of brisk movements (Merlo
et al., 2013). Several studies proposed this metric during reaching
movements (Bosecker et al,, 2010; Merlo et al,, 2013; Rohrer et al.,
2002; Zariffa et al., 2012) and path drawing (Bosecker et al., 2010).

- Number of velocity peaks
It's a quality measure of the movement smoothness computed
from the speed profile of the movement hand (Fig. 2a). This met-
ric was applied frequently in literature during reaching move-
ments {Cacho et al., 2011; Chang et al., 2005; Fasoli et al., 2002;
Merlo et al., 2013; Rohrer et al,, 2002) and ADL (Butler et al,,
2010; Murphy et al., 2011, 2013). Peak number was called move-
ment units by several authors (Murphy et al., 2011, 2013; Rohrer
et al., 2002).
A normal reaching movement has only one peak in the velocity pro-
file of the hand movement (Chang et al., 2005). With the presence of
movement disorders, the velocity peak number increases resulting
in a less smooth movement. If any motor recovery occurs, the veloc-
ity profile of the hand movement must present less peaks resulting
in a smoother movement (Rohrer et al., 2002).

- Mean arrest period ratio
This metric is related to the movement smoothness. In people with
movement disorders, while performing a movement toward an ob-
jective, several stops usually occur. This produces a movement with
several submovements with several periods of practically zero ve-
locity (Rohrer et al., 2002). With recovery, a movement has less un-
necessary stops and therefore the movement is smoother.
Recently, this metric has been computed as the ratio between the
movement time in which the hand stops and the total movement
time. The hand was considered “stopped” if the hand velocity was
less than 20% of the mean velocity during the movement analyzed
(Vergaro et al., 2010).

- Zero-crossings in acceleration profile
It measures the frequency of base line crossings in acceleration pro-
file during the movement analyzed. This is a metric of the movement
quality smoothness not usually used in literature, Only two articles
have been found that proposed this metric during reaching move-
ments {Aizawa et al., 2010; Trombly and Wu, 1999) and one during
ADL (Lum et al., 2009).

- Jerk
The jerk metric represents the rate of change of the acceleration pro-
file during a movement (Rohrer et al., 2002). This is a measure com-
puted from the third time derivative of position during the hand
movement and represents a measure of non-smoothness quality
characteristic. Hogan proposed a set of jerk metrics (Hogan and
Sternad, 2009). These measures, even those including a normaliza-
tion factor (Chang et al., 2005; Culmer et al., 2009; Hogan and
Sternad, 2009; Merlo et al., 2013; Rohrer et al., 2002) depended on
the movement amplitude and the time. So these measures weren't
dimensionless {Hogan and Sternad, 2009).



- Spectral arc-length

This metric is related to the movement smoothness (Fig. 2a). As
smooth movements are composed of low frequency components
and a non-smooth movement is composed of higher frequency com-
ponents, the use of Fourier Transform is adequate for the analysis of
movement smoothness (Balasubramanian et al., 2012b). To our
knowledge, this metric has been proposed only for an author that
proposes the spectral arc-length metric as a measure and it's com-
puted from the amplitude and Fourier magnitude spectrum from
the velocity profile of the hand movement (Balasubramanian et al.,
2012b) as the metrics related to smoothness previously described.

3.5.7. Movement coordination
- Inter-joint correlation

This metric has sense in arm movements which involve several
joints resulting in a coordinated movement, Until now, it has been
computed during reaching movements for analyzing the coordina-
tion between the shoulder and elbow flexion-extension move-
ments. The method used to calculate this correlation depends on
the sense of the movement analyzed. So in a reaching movement
there is an almost linear relation between the shoulder and elbow
joint displacements in the flexion-extension movements (de los
Reyes-Guzman et al., 2010; Dipietro et al., 2007; Murphy et al.,
2006, 2011; Wagner et al., 2008) and the Pearson Correlation
Index was used. Lum et al. have introduced the computing of this
metric during the transport phase within an ADL. In this case, the
index of correlation is computed from joint displacements of
elbow flexion-extension and shoulder abduction-adduction (Lum
etal, 2009).

Results in relation to this metric closed to 1 indicate a high correla-
tion or relation between the variables analyzed and a high joint
coordination.

3.5.8. Movement control strategy
- Time to velocity peak

A well-executed reaching movement is composed of only one veloc-
ity peak with a symmetrical wave form. One peak velocity displaced
to the leftis related to large deceleration periods and displaced to the
right is related to ballistic or disrupted movements (Trombly and
Wu, 1999). Both situations have been identified with modified pat-
terns with respect to a healthy motor performance. In the presence
of movement disorders, reach and grasp movements may occur to
be sequentially planned, with large deceleration periods and left-
shifted velocity peaks. So it's a measure of the control strategy
used during the movement (Fig. 2a).

In the articles reviewed, this measure was expressed in seconds and
as a percentage of the reaching phase in which it occurs and was an-
alyzed in several studies {Butler et al., 2010; Culmer et al., 2009; de
los Reyes-Guzman et al., 2010; Fasoli et al., 2002; Jaspers et al.,
2009, 2011; Murphy et al., 2006; Trombly and Wu, 1999; Volman
etal., 2002).

3.5.9. Torque production
- Elbow maximum angular velocity
This metric is computed by differentiation from elbow angular data
and it's a measure of torque production (Chang et al., 2005) during
a motor task (Fig. 2b). This measure has been used in the study per-
formed by Murphy et al. (2011).

4. Discussion

This paper provides a review of the literature in the rehabilitation
field in relation to quantitative metrics or variables, which have been
proposed with the aim of assessing the quality and performance of the
upper extremity movements. The quantification of the upper extremity
function can be useful for analyzing the results of treatments and

assessing their efficacy, discriminating between healthy and pathology
conditions in relation to detect functional impairments, and for helping
in the decision making in the clinical setting.

In literature, one review has been found in relation to kinematic
metrics applied to the CP injury (Jaspers et al., 2009) and another one
related with the upper extremity assessment by the use of robotic de-
vices (Balasubramanian et al., 2012a), but to our knowledge, studies
have not been found in relation to kinematic metrics for the upper ex-
tremity assessment regardless of the technology or device used for reg-
istering kinematic data and the neurological injury studied. Several
technologies have been used for registering human movement. All
these technologies are applied in clinical settings but the photogramme-
try (opto-electronic systems based on active or passive markers) is con-
sidered the gold standard technology in human movement analysis.

In the study performed by Zollo, metrics were classified into two
groups according to metrics related to biomechanical characteristics
and metrics related to movement aspects (Zollo et al., 2011). Within
the review that we present, metrics found in literature analyze different
movement characteristics or quality measures, which have been shown
in Figs. 2a and 2b. Usually, the same metrics have been found in litera-
ture under different labels, so in this review metrics have been called
in a different way in relation to the original articles.

The articles reviewed have treated the neurological injuries of
stroke, CP and SCI. The injury most frequently analyzed has been stroke
with more than 50% of the studies reviewed. Only three studies have
been found in SCL. It's worth taking into account that this injury is less
common and its prevalence is minor in the population.

In relation to the movement analyzed in the reviewed articles, in
healthy people the most common movement analyzed was ADL, in 7
(77.8%) of the studies in this population. Normally, these studies ana-
lyzed several ADLs with the aim of computing normative data in rela-
tion to kinematic variables (Murgia et al., 2010; Murphy et al., 2006;
Namdari et al,, 2012). However, in populations with neurological injury
analyzed in this review, the most frequently analyzed movements were
functional movements such as reaching movements, reach and grasp
movements or drawing trajectories as circles or squares. This highlights
the need of developing kinematic metrics for expressing the outcomes
with respect to the upper extremity function during basic ADL. One of
the limitations found after the performed review is the lack of standard-
ization between research groups in relation to the movements analyzed.
This fact prevents the comparison between the outcomes of different
studies.

The movement characteristic most frequently studied has been the
smoothness in terms of the peak number in the hand velocity profile
during the movement (Butler et al., 2010; Cacho et al., 2011; Chang
et al., 2005; Fasoli et al., 2002; Kamper et al.,, 2002; Merlo et al., 2013;
Murphy et al., 2011, 2013). However, one study has shown that this
metric couldn't be robust against noise or other factors, proposing an
analysis of the movement smoothness based on the Fourier Transform
(Balasubramanian et al., 2012a). The accuracy during a movement has
been analyzed along the trajectory of the hand (Colombo et al., 2008;
Zollo et al., 2011) or around the target in reaching and grasping move-
ments (Lang et al., 2005). The classification of the metrics into different
groups related with quality or movement characteristics (Figs. 2a and
2b) must be analyzed from experimental data by means of a factor anal-
ysis. Recently, Merlo et al. have proposed a set of metrics through the
use of a robotic device and have performed a factor analysis for classify-
ing metrics into categories according to similar aspects of motor task. In
this study, metrics were classified into three groups: accuracy, velocity
and smoothness (Merlo et al., 2013). A similar study was previously
performed and two factors were found between the kinematic variables
analyzed (Murphy et al., 2011). Moreover, a correlation analysis was
performed with the aim of analyzing the relation between different
metrics. This analysis is interesting because metrics proposed could
measure the same motor aspect and could offer redundant information
in relation to the motor performance.



In a recent study, Balasubramanian exposed several properties that a
smoothness measure must accomplish with the aim of this measure
may be useful (Balasubramanian et al., 2012b), but these properties
could be applied to all kinematic metrics found in literature:
(i) monotonic response: an increase in the metrics must always have as-
sociated a change in the movement characteristic that represent in the
same direction, positive or negative. This author exposed that a decrease
in smoothness is accompanied by an increase in submovement number
and the time interval between them (Balasubramanian et al., 2012b);
(ii) robustness: metrics must have consistency between repeated mea-
sures, because this metrics must be robust against noise and other envi-
ronmental factors; (iii) sensitive to change: metrics must detect changes
in the upper extremity motor performance and (iv) dimensionless: the
authors exposed that, concretely, a smoothness measure must be di-
mensionless because the smoothness depends on the wave form of
the velocity or acceleration profile and not on the amplitude and dura-
tion of the curve (Balasubramanian et al., 2012b).

Several studies have tried to analyze the validity of the kinematic
metrics proposed, analyzing the correlation between metrics and clini-
cal scales (Celik et al.,, 2010; Colombo et al,, 2008; Osu et al.,, 2011; Van
der Heide et al., 2005), but for the use of metrics as evaluative measures
more effort must be performed in the analysis of aspects such as repro-
ducibility and sensitivity to the change. Recently, a study has analyzed
the sensitivity to the change and has demonstrated that metrics such
as the movement time, smoothness and trunk range of motion have
the ability of detecting improvements in the upper extremity function
after the first three months after stroke (Murphy et al., 2013). To our
knowledge similar studies have not been found in SCl or CP populations.

5. Conclusions

The translation of the information provided by means of kinematic
studies into clinical interpretations must be further studied. The first
findings have been found in stroke people mostly during reaching
movements, After this review study, our challenge is the development
of objective metrics related to the upper extremity dexterities and abil-
ities, which in conjunction with clinical scales, could be applied to the
functional evaluation of the upper extremity during the performance
of activities of daily living. Our research center is specialized in SCI treat-
ment, so the first experience will be applied to a population with cervi-
cal SCI. However, people with the upper extremity movement disorders
after any neurological injury is the target population. On the other hand
further research must be performed with respect to the analysis of the
relation between all kinematic metrics and the validation for their pos-
sible use in a clinical setting.
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