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Abstract

Background and purpose: The Finger-to-Nose Test (FNT) is the clinical gold standard measure for upper-
limb coordination. However, the assumption that FNT assesses coordination has not been empirically
verified. Our goal was to determine the ability of the FNT metric, time, to identify coordination deficits in
people with stroke using both endpoint performance measures and movement quality measures.

Methods: Age- and gender-matched healthy controls (n=20) and subjects with stroke (n=20) performed 2
blocks of 10 continuous to and fro movements of the finger between a target located at 90% arm length and
the nose (ReachIn, ReachOut). Upper-limb kinematics were recorded (Optotrak, 100Hz).

Results: Compared to controls, stroke subjects made more curved endpoint trajectories (Index of curvature:
stroke=1.23, control=1.04, p<0.05, Reachln) and used less shoulder horizontal abduction (stroke=11.8°,
control=17.6° p <0.001, Reachln). Compared to their less-affected side, stroke subjects moved their more-
affected arm slower (Reachln: 18%, ReachOut: 43%; for both directions F, 1;;=14.136, p<0.001) and had
more curved trajectories (Reachln: 18%, ReachOut: 27%; for both directions F ;,4=6.003, p<0.05), while
interjoint coordination was similar. FNT movement time correlated with endpoint straightness (r=0.77,
p=0.001), temporal (r=0.63, p=0.001) and spatial (r=-0.61, p<0.05) interjoint coordination. Shoulder
horizontal abduction range (f=0.127), temporal (f=0.855) and spatial (f=-0.191) interjoint coordination
explained 82% of the variance in the time to perform the FNT.

Discussion and conclusions: Shoulder movement and temporal and spatial interjoint coordination predicted
the time to perform the FNT, indicating that this clinical test can be used to measure upper-limb
coordination after stroke.

Key words: Stroke, Cerebral infarct, Motor Skills Disorders, Coordination, Upper Extremity, Upper Limb,

finger to nose test, FNT.



Abrégé

Introduction et objectif: Le test doigt-nez (TDN) est I’outil clinique le plus utilisé pour mesurer la
coordination des membres supérieurs. Cependant, les suppositions que le TDN évalue la coordination n’ont
pas été vérifiées de fagon empirique. Notre objectif est de déterminer les habilités métriques du temps
nécessaire pour compléter le TDN, et d’identifier les déficits de coordination chez les individus ayant eu un
accident vasculaire cérébral (AVC) en utilisant des mesures de performance du point final et des mesures de
la qualit¢ du mouvement.

Meéthodes: Un groupe de 20 individus avec un AVC ont été appariés selon 1’age et le sexe avec un
groupe contrdle de 20 participants sains. Les individus ont effectués 2 blocs de 10 mouvements consécutifs
d’un mouvement aller-retour du doigt entre la cible qui est située a 90% de la longueur du bras et du nez
(AtteinteAvant, AtteinteArriere). La cinématique des membres supérieurs a été enregistrée (Optotrak, 100Hz).

Résultats: En comparaison avec le groupe contrdle, les mouvements des individus avec un AVC ont eu
une courbe plus prononcée des trajectoires du point final (Index de courbure : AVC=1.23, contrdle = 1.04,
p<0.05, AtteinteAvant) et ont une diminution de I’abduction horizontale de I’épaule (AVC=11.8°,
contrdle=17.6°, p <0.001, AtteinteAvant). Comparativement au c6té le moins affecté, les individus avec un
AVC ont bougé leur membre le plus affecté plus lentement (AtteinteAvant: 18%, AtteinteArriere: 43% ; pour
les deux directions, F1, 113=14.136, p<0.001) et ont eu une courbe plus prononcée pour les trajectoires du
point final (AtteinteAvant: 18%, AtteinteArriere: 27%; pour les deux directions F1, 114=6.003, p<0.05),
alors que la coordination interarticulaire était similaire. La durée du mouvement du TDN est corrélée avec la
droiture de la trajectoire du point final (r=0.77, p=0.001), la coordination interarticulaire temporale (r=0.63,
p=0.001) et spatiale (r=-0.61, p<0.05). L’amplitude de I’abduction horizontale de I’épaule (f=0.127), la
coordination interarticulaire temporale (f=0.855) et spatiale (f=-0.191) expliquent 82% de la variance du

temps pour effectuer le TDN.



Discussion et conclusions: Les mouvements de 1’épaule et la coordination interarticulaire temporale et
spatiale ont prédit le temps pour effectuer le TDN, indiquant que ce test clinique peut étre utilisé pour mesurer
la coordination des membres supérieurs apres un AVC.

Mots-clés: Accident vasculaire cérébral, infarctus cérébral, troubles moteurs, coordination, extrémité

supérieure, membre supérieur, test doigt-nez, TDN
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CHAPTER 1: INTRODUCTION

Controlling the movement of the upper limb to attain a goal requires a synchronized interaction
(“coordination’) between multiple muscles and joints (D’Avella and Lacquaniti, 2013). This control is
commonly impaired in individuals with stroke (Reinkensmeyer et al., 2002). Interjoint coordination is
a property of harmonious movement (Cirstea et al., 2003; Kazennikov and Wiesendanger, 2005).
However, there is a lack of consensus regarding the definition of coordination with respect to upper-
limb movements, especially in the clinical setting. Zoltan and Pedretti (1990) described coordination
as the ability to execute a controlled, accurate, and rapid movement while Trombly (1989) defines
coordination in terms of muscles working harmoniously together to perform movements. A more
specific definition from the motor control literature defines coordination as the characterization of the
nature of the coupling within a part of a system, between different parts of a system and between
different kinds of systems (Jirsa and Kelso 2004). Coordination is also referred to as the “covariation
of the outputs of elements in a multi-element system” (Latash et al., 2002 p. 295). These definitions
apply for general movement principles but are insufficient to understand the highly specific variability
inherent in upper-limb movements (Scholz, et al., 2000). For the purpose of this study, we define
coordination of upper-limb movement as the skill of adjusting spatial and temporal movement
components of arm segments according to the task (adapted from Krasovsky and Levin, 2010).

Characterizing coordination is a challenge for clinicians and researchers. In healthy individuals,
coordinated movements are described in terms of spatial variables, related to the positions of different
joints or body segments in space and/or temporal variables, related to the timing between movements
of segments during the task (D’Avella and Lacquaniti, 2013). Differences exist in trajectory formation

for reaches towards the body (egocentric) and away from the body (exocentric). Also called body-



centred, the former uses a proprioceptive, self-referenced coordinate system and the latter, also called
object-centred, uses externally-referenced map of visuomotor space to determine the reaching path
towards the object (Paillard, 1991).

Damage to descending pathways due to stroke leads to the appearance of abnormal
stereotypical upper limb movement synergies and a reduction in kinematic redundancy necessary to
adapt movements in task-specific ways (Brunnstrom, 1970; Mihaltchev et al., 2003). Reaching
movements of the upper limb can potentially use an infinite number of combinations of muscle
activation patterns and joint rotations and these combinations are necessary for the adequate
movement execution. With regard to adapting upper-limb gesture for the many different functions of
daily-life, displacement of the endpoint (movement performance) relate to the manner in which joints
and muscles interact (movement quality). The ability to flexibly combine multiple degrees of freedom
may be limited in subjects post-stroke. Decreased redundancy in the execution of movements is
reflected in the appearance of abnormal movement synergy pattern, interfering with both movement
performance and quality (Diedrichsen et al., 2009; Feldman and Levin, 1995). Both task parameters
must be assessed to properly quantify objectively the role of synergies in the upper-limb performance
and movement quality. Evaluation of reaching performance of the hemiparetic arm requires the
characterization of multiple features or movement, e.g., joint ranges of motion, endpoint speed,
trajectory smoothness, and movement direction. These features are relevant for both practice and
research in rehabilitation and quantification of the parameters related to these features is essential for
the measurement of treatment efficacy and natural recovery (Kamper et al., 2002).

Lack of precise information about coordination is a challenge when evaluating disease
progression or motor recovery (Gagnon et al. 2004). Evaluation of coordination is an important part of

the standard neurological examination (Gagnon et al. 2004). The FNT (FNT) is the gold-standard for



measuring upper-limb coordination and is widely used in professional practice (Swaine and Sullivan,
1993). FNT metrics quantitatively evaluate execution time, and qualitatively assess dysmetria and
tremor (Gagnon et al. 2004; Swaine and Sullivan, 1993). Several different variations of the FNT are
used in clinical settings. However, it is unclear to what extent the objective metric of time to perform
the test actually reflects coordination. In addition, there are many variations of the FNT and reliability
of different versions has been tested in different patient populations.

In a study comparing clinical findings with a version of the FNT, healthy older subjects touched
the nose and a horizontal target, placed on a wall, 45 cm in front of the subject, at nose height, for a 20
s period, alternately, as fast as possible and counted how many cycles were performed in this period of
time. The time of completion of this version of the FNT has been correlated with gross and fine finger
dexterity (r = 0.82-0.84), functional independence (r = 0.74) and social participation (r = 0.78;
Desrosiers 1995). In older adults, FNT time can also discriminate between different levels of hand
function (gross and fine manual dexterity, and grip strength; Gagnon et al. 2004). In the Fugl-Meyer
Assessment of the Upper Limb, the FNT consists of 5 repetitions of alternately touching the subject’s
own knee and nose when the subject is sitting. Scoring is based on one objective and two subjective
measures. The objective measure is the difference between the time to perform the task by the more-
affected compared to the less-affected arm, based on a scale from 0 to 2, where 0 indicates that the
activity takes more than 6 seconds longer than the unaffected hand, 1 indicates that it takes between 2
and 5.9 seconds longer than unaffected hand and 2 indicates less than a 2 second difference. Aside
from the metric of time, coordination is qualitatively visually assessed based on two other features of
the movement, endpoint error (dysmetria; 0: pronounced or unsystematic dysmetria, 1: slight or
systematic dysmetria and 2: no dysmetria) and straightness (tremor: 0: marked tremor, 1: slight tremor

and 2: no tremor). In subjects with traumatic brain injury (TBI), the time to perform the test varied



from 4.98 +1.6 on the first attempt to 4.58 +1.7 on the second attempt, with intraclass correlation
coefficients (ICC) for intrarater reliability of 0.971 and 0.986, and interrater reliability was 0.920 and
0.913 for right and left arms, respectively (Swaine and Sullivan, 1993). In healthy adults with ages
ranging from 15 to 34 years old (24.6 +£5.6 years), the time to perform the task with the eyes open and
touching the target was 4.29 +1.37 seconds (Swaine et al., 2005). Using a variant of the traditional
FNT, the number of to-and-fro full cycles between the nose and the target located at 45 cm was
counted in a period of 20 seconds. In subjects with an ataxic disorder, the average score was 8.9 4.9
cycles. The test-retest reliability (ICC) was 0.97 for the right side and at 0.99 for the left, with
interrater reliability of 0.92 and 0.91, respectively (Gagnon et al., 2004). Although the FNT has been
studied in subjects with other neurological pathologies, in subjects with stroke, the validity of the FNT
as a measure of upper-limb coordination has not been established using kinematic measures.
Measuring and quantifying coordination is a challenging task for clinicians. The choice of the
adequate outcome encompassing all the characteristics necessary to fully understand coordination is
even a bigger challenge due to the absence of an objective metric clinically applicable with a proven
degree of validity. Because of this gap in clinical evaluation of coordination, an important first step is

to examine the validity of the FNT.



CHAPTER 2: LITERATURE REVIEW

Improving care in rehabilitation is an ongoing process and is the goal of researchers and
clinicians. In order to assess the quality of care and effectiveness of approaches for both clinical and
research purposes, one must be provided with valid tools that evaluate patient outcomes. Outcomes in
rehabilitation are challenging and there is a lack of gold standards, especially in the quantification of
upper-limb coordination. Clinical measures for quantifying upper limb coordination are generally
based on therapist’s subjective perceptions and have poor intra- and inter-rater reliability. Our study
aims to identify the ability of a so-called gold standard upper-limb coordination measure, the Finger-
to-nose Test (FNT) to quantify coordination in the upper-limb of chronic stroke subjects when
compared to healthy subjects.

To achieve our objective, we first consider the problem of upper limb recovery after stroke and
the problem of defining coordination and why defining coordination is important for assessing it since
current definitions of coordination usually consider either spatial or temporal aspects of movement
and are not task-specific. Then, we discuss the influence of different factors (vision, proprioception
and movement speed) on reaching performance and classify reaching movements and other
consequences of stroke.

In the last part of the literature review, we describe the FNT and the main issues with its

metrics and how it is important in the assessment of upper limb coordination.

2.1 Stroke
Third cause of death worldwide, stroke is a common neurological disease affecting

approximately 15 million people (Gretkes and Ward, 2014). Every year, approximately 795,000



people have a new or recurrent episode of stroke (ischemic or hemorrhagic), with approximately
610,000 of these being first events. In 2011, 1 out of 20 deaths in the United States was caused by
stroke and on average every 40 s someone in the United States has a stroke, and someone dies of one
approximately every 4 min. In the past few decades, there has been a decline in the stroke mortality
index (AHA, 2015). This is due to progress in the development of acute treatment options and also
improvements in primary and secondary prevention methods of stroke. Stroke causes a wide variety of
sequelae but it is in the acute phase that more than 80% of the patients present with motor
impairments, such as hemiparesis and/or loss of manual dexterity (Grefkes and Ward, 2014).

The consequences of the stroke can be seen in body function and structure, activity and
participation in health-related domains according to World Health Organization classification (Siebers
et al., 2006). The changes occurring post-stroke at the level of the body structures/ function are
referred to as impairments under the International Classification of Functioning, Disability and Health
(ICF) framework of the World Health Organization (WHO, 2001). Hemiparesis, defined as
impairment in muscle strength or partial paralysis restricted to one side of the body, is the most
common chronic disabling sequelae of stroke. Arm paresis on the affected side is commonly observed
and accompanied by alterations in bone and muscles of the upper-limb (Hafer-Macko et al., 2010)

Post-stroke individuals show many different alterations in the osteomuscular system, especially
if comparisons are made between the more-affected and less-affected side (O’Brien et al, 1996;
English et al., 2012). English et al. (2012) found that in stroke patients, the more-affected side had
greater fat mass than the less-affected side and linked this finding with global physiological deficits,
such as greater insulin resistance, poor physical fitness and greater risk of cardiovascular disease. In
addition, they stated how changes in body composition can be highly influenced by levels of

circulating hormonal and inflammatory factors. In the muscle tissue, some of the features related to



muscle impairment are reduced neuromuscular activation and decreased mechanical loading leading
to atrophy, which is directly related to lipid deposition in and around muscle fibers. Although
neuromuscular connectivity is retained, some inflammatory mediators (e.g., tumor necrosis factor
alpha; TNF-a and nuclear factor-«B; NF-kB) could be responsible for mediating atrophy, accelerating
oxidative injury and damaging proteins that play important roles in structural domains (Hafer-Macko
et al., 2010). Other alterations that are present in chronic stroke subjects are bone demineralization
that can range from 1.6% to 25%, the latter referring to the humerus bone (Jorgensen and Jacobsen,
2001).

Motor unit characteristics change in post-stroke individuals, including both structural, e.g.,
decreased capillary density and contractile properties, e.g., decreased sodium potassium ATPase
concentration (Pontén and Stél, 2007). The more-affected side shows decreased motor unit quantity as
well as transformation. This transformation process was found to be related to a compensatory
hypertrophy of type 1 fibers, where motor units are converted into those with longer contraction times,
leading to weakness (Frontera et al., 1997). In the upper-limb, elbow flexors were found to be 65%
weaker while extensors were found to be 61% weaker when comparisons were made between the less-
affected and more-affected side. Other characteristics were observed in the upper-limb of stroke
patients when performing functional activities such as reaching. As an example of these
characteristics for reaching/pointing tasks, it has been described in previous studies that subjects with
stroke have decreased elbow velocity, decreased hand velocity, movement segmentation, increased
trajectory curvature (Levin, 1996; Kamper et al., 2002), increased shoulder horizontal abduction (van
Kordelaar et al., 2012) and premature trunk recruitment, resulting in increased forward and lateral

movement (van Kordelaar et al., 2012; Shaikh et al. 2014).



2.1.1 Definition of coordination

Some of the most highly functionally demanding tasks performed by humans are related to
upper limb manipulative and language skills, both requiring refined intercommunication among
cortical and subcortical neural networks (Wiesendanger and Serrien, 2001). Reaching movements of
the upper-limb are embedded in our daily life activities. Reaching is a goal-directed behaviour that has
been widely studied in primates and humans. Moreover, controlling the movement of the upper-limb
to attain a goal requires a synchronized interaction (“coordination’) between muscle contractions and
joint movements. “Coordination” can be impaired in post-stroke patients since parts of the central
nervous system (CNS) which play major roles in this process (D’Avella and Lacquaniti, 2013) may
be damaged, especially the cerebral cortex and its descending pathways, the basal ganglia and the
cerebellum (Wiesendanger and Serrien, 2001).

In both living and computer-based systems, coordination is a property of purposeful,
harmonious and task-oriented movements. There is a lack of consensus regarding the definition of
coordination with respect to upper limb movements. This difficulty in defining coordination is pointed
out in several studies on the complexity of human movements. The lack of consensus on the definition
of coordination is further compounded by the large variety of variables and methods used for
measuring and analyzing coordination such as distance, velocity, time, velocity versus time (spatio-
temporal), EMG patterns, torque, etc. produced in uni- and bi-manual movements (D’ Avella and
Lacquaniti, 2013; Perrig et al., 1999; Serrien and Wiesendanger, 2001).

The lack of consensus about the definition of upper-limb coordination is a challenge for
researchers regarding the choice of measurements to describe coordination. The characteristics of

movement have to be adapted for each task according to specific internal and external constraints



(Jirsa and Kelso, 2004). Internal constraints are factors interfering in the movement that comes from
the individual, e.g., body composition, previous movement experience, cognitive behaviour, etc.,
while external constraints are related to the environment and the context in which the movement is
performed and assessed, e.g., sitting versus standing, eyes open versus closed, bright light versus dark
room, etc.. In healthy individuals, coordinated movements are described in terms of spatial variables,
related to the position of different body segments in space and temporal variables, related to the
timing between movements of body segments.

In an attempt to define coordination, several authors have approached the topic differently.
Zoltan and Pedretti (1990) described coordination as “the capacity to execute a controlled, accurate,
and rapid movement” while Trombly (1989) refers to muscle activity and defines coordination as
“muscles working harmoniously together in the execution of movements”. These definitions apply for
general movement principles but when considering the high specificity and variability related to
upper-limb movements, the previous definitions are insufficient. Upper-limb movements also require
more adjustments in joint positioning and muscle contractions during the movement depending on the
specifics of the task.

One example of the complexity of the characteristics of upper-limb movement is dexterity.
Defined by Bernstein (1969) as “the ability to solve a motor problem correctly, quickly, rationally and
resourcefully”, the term can also be defined as “expertness”™ or “skill”. However, this is still
insufficient to determine an operational definition of upper-limb coordinated movements. For the
purposes of this research project, we define coordination of upper-limb movement as “the skill of
adapting phase and context variability when adjusting body segments towards performing a task
considering spatial and temporal components as part of the process” (adapted from Krasovsky and

Levin, 2010). This definition itself requires the evaluation of multiple task variables, especially if we



consider that different characteristics of the movement should change in a task-dependent manner.
Due to this task-specificity, we limit the consideration of the definition of coordination to one main
upper-limb task commonly used to assess coordination in patients with neurological lesions — the

Finger-to-Nose Test (FNT).

2.1.2 Interaction between vision and proprioception during movement

Coordinated movements defined as the temporal and spatial complex relationship between
musculoskeletal structures, i.e., muscles and joints, are present in many daily-life functional activities.
Complex sensorimotor activities, such as dancing, demand a whole body integration of rthythm, spatial
pattern of limb movements and synchronization to external stimuli (Lashley, 1951; Brown et al.,
2006). These activities comprise daily life activities that, when including upper-limb function, involve
an even more complex neuronal network and refined motor adjustments (Blanchard et al., 2011).
Movement is perceived (proprioception) through the integration of information from different sensory
afferents at both conscious and unconscious levels that are transmitted towards central structures
through the input coming from peripheral receptors, e.g., muscle spindles and Golgi tendon organs
(Johnson et al. 2008; Sarlegna and Sainburg, 2009). Two main sensory systems are used to determine
limb position: felt position (proprioception) and seen position (vision) (Graziano, 1999; Touzalin-
Chretien et al., 2010).Proprioception refers to the static limb position as well as the change in position
(kinesthesia; Johnson et al. 2008). It is difficult to experimentally dissociate somatosensory inputs
related to the role of tactile feedback and the consequent understanding of its contributions to

proprioception, since they are concurrently generated by the limb movement (Blanchard et al., 2011).

10



The roles of vision and proprioception for planning and execution of limb movements are
incompletely understood (Apker et al., 2011; Touzalin-Chretien et al., 2010).

Proprioception plays a key role in movement production (Apker et al., 2011), such as
identifying limb mechanics, intersegmental dynamics and determining the initial postural state of the
system (Sarlegna and Sainburg, 2009). On the other hand, vision is more related to corrections during
the movement and identifying the target location (Apker et al., 2011; Touzalin-Chretien et al., 2010;
Sarlegna and Sainburg, 2009). There is evidence that both vision and proprioception contribute to
different aspects of the same function. As an example of this interaction in healthy subjects, hand
localization performance was improved when visual and proprioceptive information were combined in
comparison with the condition where only vision or proprioception was present. Another relevant
point is that the role of proprioception was increased when subjects were exposed to a diminished
viewing environment, e.g., a darker room (Touzalin-Chretien et al., 2010), which suggests a
synchronized and dynamic interaction between the two systems. Furthermore, removal of one or the
other does not infer the exclusive function of the remaining system but otherwise describes an

adequacy of one over the other (Sarlegna and Sainburg, 2009).

2.1.3 Movement speed and proprioception

Sensory information from movement is processed by the CNS to control movement efficiently.

This movement control occurs when the CNS anticipates external and reactive forces and coordinates

proper motor commands to multi-articular limbs, ensuring optimal performance (Mackrous and

Proteau, 2010).
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In 1954, Fitts introduced a concept that described a mathematical relationship between
movement variables to provide an objective measurement of neuromuscular performance. Specifically
for upper-limb tasks, the variables considered in this model were speed, accuracy, movement
amplitude and target size. The two formulas derived from his work are the index of difficulty (I;) and
index of performance (I,,), as shown below, where W refers to target width, 4 to movement amplitude

and T,, is movement time (from target to target).

I, = —log,(IV/2.4)

Later, another study (Kondraske, 1995) modified the equation by considering angular motion,
thus approximating this calculation to the reality of the movement performance in space, e.g., in
rehabilitation, both clinical and research oriented. Please see the equation below in which O, is the
angular movement amplitude, Oy is the angular width of the target, and t,, is the target-to-target

movement time.:

Ij = —log,(0,-/20,)

] .
J'Tf = ——log.(8,4/26,)
!

11

The original instruction for the FNT requires the patients to move the finger from the nose to a
target, placed in different locations according to the version used for the assessment. This movement
must be as fast as possible, without compromising accuracy and the evaluator measures the time to
perform the task. In addition, other characteristics of the test are assessed, such as dysmetria (error at

both target locations) and tremor (how smooth and straight is the movement during the execution of

12



the task). In order to successfully perform the test, all structures involved must be well coordinated,
meaning target must be properly seen, joints and muscles must perform their function by being
activated in an adequate sequence and proper proprioceptive feedback must be provided. Studies have
described the role of proprioception for movement accuracy during slow and fast movements, the
former related to feedback-based corrections and the latter one to feed-forward adjustment
mechanisms (Semrau et al., 2013). Illustrating the role of proprioception, Tunik et al. (2003) studied
deafferented subjects performing reaching movements, with blocked vision, towards remembered
targets placed at a distance of 30cm in front of the sternum, at 80° and 45° ipsi and contralateral to the
midline, respectively. From the total amount of trials, 40% of trunk movements were blocked. It was
shown that for trunk assisted reaching movements, proper compensatory responses to mechanical
perturbations were not efficient. When compared to age-matched healthy subjects, deafferented
subjects had more variable spatial and temporal interjoint coordination measures, suggesting a general
motor control deficit.

Upper-limb pointing tasks in hemiparetic subjects are slower and less precise when compared
to age-matched controls (Subramanian and Levin, 2011). Producing accurate and coordinated
multijoint movements involves different types of sensorimotor information. The control of segmental
dynamics during movement has to be modified differently for slow and fast movements. Parameters
of slow and fast reaching movements that change with movement speed are the variability of angular
movement, movement distance and error (Messier et al., 2003). Time to perform a task (or movement
time; T,,) plays a major role in the calculation of the Index of Performance (see above), as suggested
by Fitts (1954). The longer the time to complete the task, the lower the score, indicating worse upper-
limb performance. Thus the index of performance can be useful for assessing upper-limb function as

an objective measure. Expanding this concept, Yang et al. (2002) pointed out how hard it is to

13



comprehensively describe movement quality by using one or two indices, mathematical or not,
suggesting the utilization of multiple scoring systems to obtain a global assessing of movement
performance, using preferably task-dependent outcome measures.

As Fitts suggested in 1954, one could not study motor performance separately from sensory
mechanisms. Sensory input plays a major role in the performance throughout task execution and can
modify the accuracy with which the task is performed, with the exception of fast movements due to

the long loop delays.

2.2 Classification of reaching movements

Reaching tasks can be operationally defined as being uni- or bi-manual and asymmetric or
symmetric. Unimanual tasks are those involving only one arm while tasks involving both arms are
identified as being bimanual or bilateral. Both tasks use two hands to reach the goal but only the term
bimanual refers to the need to use both hands for the task. Symmetry and asymmetry can be defined
according to the task. A symmetrical task is one that is done by identical movements of the joints of
both arms, e.g., first motor tasks learned in life (Serrien and Wiesendanger, 2001), while an
asymmetrical task is done with non-identical movements of the joints of both arms, e.g., the drawer
paradigm, described as reaching and opening a drawer with one hand and picking up an object from
inside the drawer when it is fully opened with the other (Kazennikov and Wiesendanger, 2005). Many
research protocols are described in the literature but the ones that most closely represent the FNT are
ones where the tip of the finger is moved forward, e.g., when pointing at something, and then brought
back towards the subject’s body, e.g., when bringing food towards the mouth. This type of task is

relevant to both healthy individuals and subjects with stroke, due to the functional nature of the task
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which has implications for daily life activity. Pointing movements are commonly used to assess
upper-limb coordination deficits in patients with CNS lesions. Due to the required degrees of freedom
involved in each movement, six for pointing and at least twelve for simple reaching, these tasks are

good examples of upper-limb movements that require coordination of more than one joint. .

2.3 Redundancy and synergies

The presence of pathological upper limb synergies in stroke patients has been widely described in
the literature. They consist of stereotypical movements that appear as recovery from stroke progresses
(Twitchell, 1951; Brunnstrom, 1970). Stereotypical movements (synergies) usually emerge from
attempts to perform an active movement involving a single joint, manifested as an abnormal
movement pattern in a flexor or extensor pattern. The flexor synergy, is an association of different
abnormal muscle activations, causing scapular elevation and retraction, shoulder abduction, extension
and external rotation, elbow flexion, forearm supination and wrist and finger flexion. The upper limb
extensor synergy consists of shoulder retraction, horizontal adduction and internal rotation, elbow
extension, forearm pronation and wrist and finger extension (Brunnstrom, 1970).

It has been shown in the literature that strategies for upper limb reaching movements in stroke
patients may be affected by upper-limb pathological synergies. In a previous study examining reach-
to-grasp movements, stroke subjects, when compared to healthy subjects, used trunk movements to
compensate for lack of shoulder and elbow contribution to the task. Also, the presence of upper-limb
flexor synergy was a major factor influencing movement performance. Stroke subjects used trunk

forward and lateral displacement, elbow flexion, horizontal shoulder rotation and forearm pronation
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and the combinations of these movements to achieve the reach-to-grasp task (van Kordelaar et al.,
2012).

Usually associated with synergies, spasticity is not necessarily limiting and when associated
with the synergies can be functionally beneficial in post-stroke subjects. As an example, the extensor
synergy in the lower limb of stroke patients can potentially benefit gait (O’Brien, 1996). However,
when we consider the presence of synergies in the upper limb, the effects may be less positive. Upper
limb gestures require more precision and fine dexterity compared to lower limb tasks. The presence of
an abnormal movement control pattern in the performance of simple tasks, e.g., reaching to a cup of
coffee, can be detrimental to actual task performance possibly due to deficits in temporal and spatial
interjoint coordination. This was investigated by Levin (1996) for pointing tasks in individuals with
stroke compared to age and gender matched controls. She found that subjects with stroke
demonstrated a lack of ability to coordinate elbow-shoulder movement both temporally and spatially
to perform the task.

Commonly observed in stroke, the decreased ability to combine different joint segments in the
execution of a motor task has been reported by previous studies (Reisman and Scholz, 2003;
Mihaltchev et al., 2005; Diedrichsen et al., 2009). This ability of the neuromuscular system to
combine multiple combinations of joint angle positions is called redundancy. It is an inherent property
of the motor system and enables it to solve motor execution problems by alternating among an infinite
number of joint configurations to perform a task or variations of the same task (Lashley, 1951;
Bernstein, 1967). By observing changes in the velocity profile and straightness of the movement
endpoint (hand) at the beginning and end of a reaching movements, Yang et al. (2002) showed that
upper-limb movement is not exclusively determined by movement patterns but also by the start and

end positions of the hand as well as the body posture. The role of body posture and global movement
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patterns was also mentioned by Shaikh et al. (2014), when the contribution of trunk movements for
reaching beyond arm reach were shown to be effective in healthy adults at the end of the movement
range when individuals were required to adapt the gesture through adjusting number of degrees of
freedom involved in the task, specifically when subjects added trunk movements to perform the task.
However, for the same task, post-stroke subjects showed earlier trunk participation, indicating a
disruption in the contribution of trunk for movements beyond the reach, interfering with movement

performance.

2.4 Finger-to-Nose Test (FNT)

Quick and easy to use, the FNT is the gold-standard for measuring upper-limb coordination and
is widely used in professional practice (Swaine and Sullivan, 1993; Siebers et al., 2006). It consists of
the evaluation of execution time, dysmetria and tremor (Gagnon et al. 2004; Swaine and Sullivan,
1993; Feys et al., 2003). Many different variations of the FNT are used in both clinical and basic
research. Nonetheless, independent of the version used, only time to perform the task is an objective
metric of this test.

Swaine and Sullivan (1993) used a version of the FNT later used by Siebers et al. (2006), in
which subjects sat with their arm fully extended and were instructed to touch their nose with their
finger and then return the finger to the fully extended position in five complete cycles. Using this
version of the test, a study in patients with head injury reported fair to moderate intra-rater reliability
for clinical observations of tremor (r=0.18-0.31) and dysmetria (r=0.54) as well as fair inter-rater
reliability (tremor: 1=0.27-0.26; dysmetria: r=0.36-0.40). The low reliability suggests that therapists

should seek an alternative method of evaluation of upper-limb coordination (Swaine and Sullivan,
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1993). Feys et al. (2003) highlighted the necessity for standardization of the FNT and used it to
evaluate intention tremor in patients with multiple sclerosis. They assessed 4 different versions of one
FNT in which there was no standardized starting position and patients either received no instruction,
or were instructed to hold the finger on their nose for 5s; to lift their arm to 90° shoulder abduction
with full elbow extension before touching their nose with their finger (the arm had to remain at 90° of
abduction throughout the test); or to keep their shoulder in 90° abduction and full elbow extension
while holding finger steady on the nose for 5 s (see Bickerstaff 1976). Although the authors concluded
that FNT outcomes depended on instructions, the time to perform the FNT was highly related to three
functional activities (r=0.70-0.84): (1) transferring water from one cup to another; (2) answering a
telephone, placing it to the ear, and then putting it back; and (3) picking up a coin (Feys et al., 2003).
Gagnon et al. (2004) used a FNT in patients with a neuromuscular disorder with ataxic features
(ARSACS: Autosomal recessive spastic ataxia of Charlevoix-Saguenay. Patients with ARSACS
touched a sagittal target, placed at distance of 45 cm for a 20 s period, alternately and as quickly as
possible. The time to perform this version of the FNT was highly correlated with upper-limb
functional tests (Box-and-Blocks test; r=0.82; Purdue Pegboard; r=0.82). In addition, the authors
reported that the time to perform the FNT differentiated between young (<40 yr old subjects;
mean=12.7+2.2 movement repetitions) and older (> 40 yr old subjects; mean=6.7+3.4 movement
repetitions) out of a total of 24 participants. These results were expected due to the progressive nature
of the disease and correlated with clinical findings, such as performance on the BBT (r=0.82),
TEMPA (Test Evaluant les Membres supérieurs des Personnes Agées r=0.79), Purdue pegboard
(r=0.82) and pinch strength (0.56). However, upper-limb interjoint coordination was not measured.
Swaine et al. (2005) described how the time to perform each of 10 versions of the FNT tested

(combinations of eyes open/closed, sitting/lying supine and arm fully extended/arm flexed at initial
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position) had high intra-rater reliability (r=0.77-0.98). Although intra-rater reliability was high, the
versions of the FNT were not interchangeable; meaning that one version of the test could not be used
to follow-up on scores obtained from another version, a point about standardization previously
mentioned by Feys et al. (2003). However, neither coordination, dysmetria nor tremor were measured.
Results support the continued use of this simple, rapid, and easily reproducible clinical test of
upper-limb coordination (Swaine and Sullivan, 1993) but there is no evidence that the FNT metric of

time is correlated to the spatial and temporal coordination task variables.
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CHAPTER 3: RATIONALE, OBJECTIVE AND HYPOTHESES

Improvements in identifying and assessing sensory and motor deficits in patients with stroke
are needed to enhance post-stroke rehabilitation and recovery (Semrau et al., 2013). Deficits in
upper-limb coordination are commonly observed in patients with stroke and the necessity of a
valid coordination measure remains an objective for clinicians and researchers. Coordination
assessment is an important part of the clinical neurological evaluation. However, the clinical gold
standard for upper-limb coordination measurement is the FNT which only has the objective metric
of time. In addition, assessment of the other two metrics, dysmetria and smoothness, depend on
the clinician’s subjective impression which is based on the observation of movement smoothness
and precision. In addition, the conditions of the test are not standardized and vary with respect to
the number of movements performed, patient and target position. The extent to which the
objective metric of time actually represents smooth and precise coordinated movement is assumed
but not known. It is necessary to understand the relationship by objectively quantifying movement
quality during the performance of the test and relate movement quality to the time to perform the
test. Objective quantification can be done by kinematic analysis of the joint ranges of motion.
With regard to movement speed, subjects with stroke make slower upper-limb movements
compared to healthy controls. Because kinematic parameters are affected by movement speed,
movements made at self-paced fast speeds in healthy subjects, as normally done during the FNT,
are not representative of kinematic patterns of movements made by subjects with stroke at slower
speeds. To have a matched control group, healthy subjects were required to perform the FNT at

slower speed.
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OBJECTIVE

The objective was to examine the validity of the FNT to measure upper-limb coordination
in patients with chronic stroke compared to age-matched healthy subjects. Furthermore, we aimed
to determine the relationship between endpoint performance variables during the FNT and

coordination variables.

HYPOTHESES

Hypothesis 1: Subjects with stroke will have decreased endpoint performance measures
when performing the clinical FNT compared to healthy subjects at self-paced and at matched
speed: longer time to perform the test (time, s), less straight endpoint path (IC) and decreased

precision of the endpoint movement at the target (RMSE).

Hypothesis 2: Subjects with stroke will have decreased movement quality measures when
performing the clinical FNT at self-paced and at matched speed compared to healthy subjects:

smaller joint ranges, lower interjoint coordination measures.

Hypothesis 3: How the variance in the time to perform the FNT is predicted by movement

quality variables: joint ranges of motion and interjoint coordination measures (spatial and

temporal).
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ABSTRACT

Background: The Finger-to-Nose Test (FNT) is the clinical gold-standard measure for
upper-limb coordination. However, the assumption that FNT assesses coordination has not been
empirically verified.

Objective: The study aimed to determine the ability of the FNT metric, time, to identify
coordination deficits in people with stroke using both endpoint performance and movement
quality measures.

Methods: Age- and gender-matched healthy controls and subjects with stroke (n=20 each)
performed 2 blocks of 10 continuous to-and-fro movements of the finger between a target located
at 90% arm length and nose (Reachln, ReachOut). Upper-limb kinematics were recorded
(Optotrak, 100Hz).

Results: Compared to controls, stroke subjects made more curved endpoint trajectories
(Index of curvature: stroke=1.23, control=1.04, p<0.05, Reachln) and used less shoulder
horizontal abduction (stroke=11.8°, control=17.6°, p <0.001, Reachln). Compared to their less-
affected side, stroke subjects moved their more-affected arm slower (Reachln: 18%, ReachOut:
43%; for both directions F; ;13=14.136, p<0.001) and had more curved trajectories (Reachln: 18%,
ReachOut: 27%; for both directions F;, 114=6.003, p<0.05), while interjoint coordination was
similar. FNT movement time correlated with endpoint straightness (r=0.77, p=0.001), temporal
(r=0.63, p=0.001) and spatial (r=-0.61, p<0.05) interjoint coordination. Shoulder horizontal
abduction range (f=0.127), temporal (f=0.855) and spatial (f=-0.191) interjoint coordination

explained 82% of variance in the time to perform the FNT.
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Conclusions: Shoulder movement and temporal and spatial interjoint coordination predicted
the time to perform the FNT, indicating that the clinical FNT metric of time is a sufficient measure
of upper-limb coordination after stroke.

Key words: FNT, Stroke, Motor Skill Disorders, Coordination Impairment, Upper

Extremity.
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INTRODUCTION

Controlling the movement of the upper-limb to attain a goal requires a synchronized
interaction (coordination) between multiple muscles and joints.' This control is commonly
impaired in individuals with stroke.? Coordination is a property of harmonious movement>* that is
produced by the nervous system in spite of the large abundance in the number of muscles and
joints that can be combined to produce upper-limb movement.” However, characterizing
coordination is a challenge for clinicians and researchers because of a lack of consensus regarding
the definition of coordination with respect to upper-limb movements. Some authors® described
coordination as the ability to execute a controlled, accurate, and rapid movement, while others’
defined coordination in terms of muscles working harmoniously together to perform movements.
A more specific definition from the motor control literature defines coordination as the
characterization of the nature of the coupling within a part of a system, between different parts of
a system and between different kinds of systems.® Coordination is also referred to as a co-variation
of elements in a multi-element (abundant) system.” These definitions provide general descriptions
of coordination but are insufficient to understand the highly specific variability inherent inupper-
limb movements.'® For the purpose of this study, we define coordination of upper-limb movement
as the skill of adjusting spatial and temporal movement components of arm segments according to
the task,'' where the task involves repetitive movements to and from the body.

Although it is widely recognized that training can improve performance of functional tasks
even years after a stroke,'* a valid tool for the measurement of coordination, has not yet been
established. In healthy individuals, coordinated movements are described in terms of spatial
variables, related to the positions of different joints or body segments in space and/or temporal

variables, related to the timing between movements of joints/segments during the task.'
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Consideration of task specificity is important in characterizing coordination. For example,
trajectory formation differs for reaches towards the body (egocentric) and away from the body
(exocentric). In addition, egocentric movement is performed in a body-centered (proprioceptive)
frame of reference while that of exocentric movement is object-centered and relies on the mapping
of extrinsic space and performing appropriate visuo-motor transformations.'® Damage to
descending pathways due to stroke involving these systems may affect egocentric and exocentric
movement differently. In addition, movement may be affected by abnormal stereotypical upper-

14,15

limb movement synergies and concomitant reduction in kinematic redundancy ™~ as well as

deficits reducing both movement performance and quality.'®"’

Understanding how the damaged nervous system uses its available kinematic redundancy is
relevant for both practice and research in rehabilitation. Quantification of motor redundancy and
adaptability is essential for the measurement of treatment efficacy and recovery.'® Clinically
evaluating coordination is an important part of the standard neurological examination,'® which is
usually tested using the Finger-to-Nose Test (FNT).?’ FNT metrics quantitatively evaluate
execution time, and qualitatively assess dysmetria and tremor.'*° Several different variations of
the FNT are used in clinical settings. For example, in one version of the test used in the standard
neurological exam, >' the patient alternatively touches their nose and the evaluator’s stationary or
moving finger while lying supine, sitting or standing. In the Fugl-Meyer Assessment of the Upper
Limb, the FNT consists of 5 repetitions of alternately touching the subject’s own knee and nose
when the subject is sitting. Scoring is based on one objective and two subjective measures. The

objective measure is the difference between the time to perform the task by the more-affected

compared to the less-affected arm, based on a scale from 0 to 2. Aside from the metric of time,
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coordination is assumed from visually and qualitatively assessing two other features of the
movement, arm trajectory straightness (dysmetria) and smoothness (tremor).

In healthy older adults, the time of completion of the FNT has been correlated with gross
and fine finger dexterity (r = 0.82-0.84), functional independence (r = 0.74) and social
participation (r = 0.78).”* In older adults, FNT time can also discriminate between different levels
of upper-limb function (gross and fine manual dexterity, and grip strength).'® Although the FNT
has been studied in patients with other neurological pathologies, in individuals with stroke, the
validity of the FNT has not been established using kinematic measures of interjoint coordination.

The objective of the study was to determine the validity of the FNT to measure upper-limb
coordination in patients with chronic stroke. We characterized the differences in movement
parameters during FNT between healthy and stroke subjects and related FNT outcomes (time,
trajectory, error) to the level of upper-limb impairment severity and activity limitations. We
hypothesized that the time to perform the FNT would be related to spatial and temporal interjoint

coordination measures. Preliminary data have appeared in abstract form.”

Methods

Fourty subjects, 20 healthy (9 males, aged 61.7 + 8.7 yrs) and 20 who sustained a stroke (11
males, aged 61.4 = 14.6 yrs) participated in the study (Table 1). Stroke subjects had sustained a
unilateral ischemic or hemorrhagic stroke in their dominant or non-dominant hemisphere, 6-192
mos previously (mean 50.9 + 42.2 mos) and had moderate to good recovery of their upper limb (3-
7 on the Chedoke-McMaster Arm Scale, CM).** Stroke subjects were excluded if they had
unilateral neglect, apraxia or ataxia measured by standard clinical assessment. Individuals in both

groups were excluded if they had arm pain, uncorrected visual problems and/or other neurological
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or musculoskeletal problems affecting upper-limb movement. All subjects signed consent forms
approved by the Ethics Committee of the Centre for Interdisciplinary Research in Rehabilitation

(CRIR).
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Affected Time

S éf; side since Chedoke FMA total Tr(i:cselps Biccii)s mWMEFT BBT
Gender RorL/ stroke (arm/hand) (/66) (/16) (/16) (/30) % A/LA
D or ND (mo) (7/7)
1 45/M R/D 25 3/3 30 13 13 15 53
2 72/F R/D 90 3/3 36 11 10 21 45
3 77/M  L/ND 19 4/6 38 12 12 15 44
4 51/M L/ND 32 4/4 38 6 7 17 23
5 37/F R/D 192 3/3 40 13 13 14 13
6 69/M R/D 40 4/3 46 5 7 24 60
7 55/M L/ND 31 4/5 49 5 8 22 53
8 82/M R/D 59 5/6 57 4 4 30 100
9 72/M R/D 66 7/6 57 3 3 29 100
10 43/F R/D 13 6/7 58 4 7 29 100
11 66/F L/ND 69 4/6 58 6 8 24 62
12 66/M  L/ND 75 6/7 60 4 4 30 78
13 78/F R/D 38 6/7 61 4 5 29 88
14 79/'M R/D 50 7/5 62 4 4 28 95
15 64/F  L/ND 42 5/6 62 S 4 27 76
16 78/F L/D 10 6/7 62 4 4 24 96
17 41/F L/ND 6 6/6 63 8 4 28 100
18 63/F R/D 74 775 64 4 4 28 100
19 64/M L/ND 6 5/6 64 5 8 26 84
20 44/M L/ND 12 71 65 4 4 24 72
Mean 614 50(14
(SD) (14.6) 509 (42.2) 5_3( (1')5) 51.9(13.2) 62(3.3) 6.7(3.2) 23.7(5.6) 72.1(26.9)

Healthy  61.7
(n=20) (8.7)




Stroke subjects underwent a 1.5 hr clinical evaluation plus a 2 hr experimental session. Healthy
subjects only participated in the experimental session. The clinical evaluation was performed using
valid and reliable scales by an experienced physical therapist. Upper-limb impairment was assessed
with the Fugl-Meyer Arm Assessment (FMA)* on a 66 point scale and spasticity in biceps and
triceps of the affected side was assessed using the 16 point Composite Spasticity Index (CSI)*®
where 0-9, 10-12 and 13-16 represent mild, moderate and severe spasticity respectively. The
Reaching Performance Scale for Stroke (RPSS) was used to assess compensatory movements of the
trunk used while reaching to near (18 pts) and far (18 pts) targets in the body midline (Levin et al.
2004).>” Upper-limb activity was assessed with the Box and Blocks Test (BBT)*® expressed as a
percentage of the number of blocks moved by the more-affected compared to the less-affected arm,
from one side of a box to another in 60s. The 30 pt Modified Wolf Motor Function Test
(mWMEFT)* was also done. UL impairment ranged from moderate to mild (FMA: 30-65, mean
51.9 £13.2 pts; CSI biceps 3-13, mean 6.7 £3.2 pts; CSI triceps 3-13, mean 6.2 +3.3 pts; RPSS near
15.2 £3.5pts.; RPSS far 14.7 & 3.6 pts), and activity levels varied (BBT: 13-100, mean 72.1 £26.9

%; mWMFT: 14-30, mean 23.7 +5.6 pts; Table 1).

Experimental Task

In the experimental session, all subjects performed the FNT from a comfortable sitting
position with the hips and knees flexed to 90° (Fig. 1A). At the sound of a computer-generated tone,
subjects alternatively touched their nose and a target (2.5 cm diameter circle) with the fingertip. The
target was located at nose height at a distance of 90% arm-length measured from the lateral border
of the axilla to the tip of the index finger. Movements were performed at a self-paced fast speed

without compromising accuracy with eyes open. A trial consisted of 10 movements performed
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continuously starting with the fingertip on the target. Two blocks of trials were performed for each
arm, with arm order randomized. Subjects performed the task using their preferred strategy.
Subjects in the control group performed two extra blocks per arm matching the approximate speed

of the stroke group.
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Figure 1. A. Experimental set up illustrating marker placement and examples of endpoint
displacement for finger-to-nose test. Inset: Subject sat with one arm partially extended, index finger
fully extended and target placed at 90% arm-length at eye-level. The task was to touch the target
and then the nose as fast and as accurately as possible 10 times; B. Examples of 10 trials of
endpoint (tip of index finger) displacement over time. First row — healthy subject moving endpoint
at self-paced fast speed, Second row — healthy subject moving endpoint at slow speed and Third

row — Stroke subject moving endpoint a self-paced speed.
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Data Collection

Data were recorded from 8 markers placed on the tip of the index finger, ulnar styloid, lateral
epicondyle of the elbow, ipsi- and contralateral acromion, sternum, lateral aspect of the nose-tip and
target. Three rigid-bodies placed on the dorsum of the hand, mid-forearm and mid-arm (Fig. 1A)
were also used. Data were recorded with a 2 Certus bar Optotrak Motion Analysis System

(Northern Digital., Waterloo, ON) for 30 s at a sampling rate of 100 Hz.

Data Analysis

Since reaching movements in different directions can be affected by abnormal upper-limb
synergies in post-stroke subjects, we analyzed data for each direction separately. Therefore, each
trial was divided into two segments according to direction so that there were 10 target-to-nose
movements in an egocentric frame of reference (Reachln) and 10 nose-to-target movements in an
exocentric reference frame (ReachOut). To ensure that we assessed stable behavior not affected by
learning, the first 3 trials of each block were not considered. Thus, mean values were computed for
14 trials in each direction. Raw x, y and z data were interpolated and smoothed with a 10 Hz low-
pass Weiner filter. Movement onset and offset were determined from the tangential velocity of the
endpoint marker as the point at which the signal rose and remained above or fell and remained
below 10% of the peak velocity.

Analysis was done at both motor performance and movement quality levels for movements in
each direction.”® Performance variables of the endpoint movement were total movement time,
trajectory straightness and precision. Movement quality variables were those related to joint
rotations and interjoint coordination. For endpoint performance, total movement time was defined

as the time between the onset of the first target-to-nose segment to the end of the last nose-to-target
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segment in the last trial of the block. The movement time for each direction (ReachIn/Out) was
defined as the time to move the fingertip from the target to the nose and the nose to the target
respectively. Trajectory straightness was defined as the index of curvature (IC), which is the ratio
between the actual endpoint movement path to the shortest distance between the nose and target,
where a value of 1 indicates a perfectly straight trajectory. Movement precision between the
endpoint and target position was computed using the root-mean squared error (RMSE) defined as
the difference between the final x,y,z position of the endpoint at the end of the ReachOut phase and
the position of the target. Movement quality variables were computed as the difference between
starting and final joint angles measured in degrees. Elbow flexion/extension (Elbow) was calculated
from rigid bodies on the mid-forearm and mid-arm, where 180° corresponds to the fully extended
arm, Shoulder horizontal adduction/abduction (Sh-H-Abd) was calculated from vectors formed
between markers on the 2 acromions and between the acromion and lateral epicondyle where 0°
corresponds to a pure 90° shoulder abduction, shoulder flexion (Sh-Flex) was calculated using
vectors formed between markers on the ipsilateral acromion and lateral epicondyle with a vertical
line through the acromion marker, where 0° indicated the arm alongside the body. Trunk (Trunk)
pitch angle was computed as the antero-posterior deviation of the trunk segment from a vertical line
through the midpoint between the two acromion markers. To assess interjoint coordination, two
variables were used, one temporal (LAG) and one spatial (interjoint coordination, IJC). LAG refers
to the temporal delay between peak values of the shoulder horizontal adduction/abduction and
Elbow extension/flexion traces, where 0 ms indicates perfect temporal coincidence. IJC is the slope
of the angle-angle plot between shoulder horizontal adduction/abduction and elbow

extension/flexion movements, where values closer to 0 indicate more involvement of shoulder
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compared to elbow movement and values greater than 1 indicate the opposite. Data analysis was

performed using Matlab v. 6.5.1 software (Massachusetts, USA).

Statistical Analysis

Normality of distributions and homogeneity of variances were verified with Kolmogorov-
Smirnov and Levene’s tests respectively. Hypotheses 1 and 2 were addressed using one-way
ANOVAs to assess differences in endpoint performance variables (movement time, straightness and
precision) and movement quality variables (joint ranges, trunk displacement, LAG, 1JC) in the
healthy group moving at self-paced and slow speeds. A two-way ANOVA compared these variables
between groups with factors group (stroke, healthy) and movement direction (ReachIn, ReachOut).
Appropriate post-hoc tests with Bonferonni corrections for multiple comparisons were performed.
The strengths of the associations between clinical measures and kinematic outcomes were assessed
using correlation analyses. To address Hypothesis 3, multiple step-wise regression analysis was
used to determine the contribution of different kinematic factors to the time to perform the FNT, in
which the dependent variable was movement time and the independent variables were Sh-H-Abd,
LAG, and IJC. For regression analyses, p values of <0.05 and >0.1 were used for inclusion or
rejection respectively. All statistical analyses were performed using SPSS Statistics v.20 for

Windows (IBM, North Castle Drive, Armonk, NY). Initial significance levels were p<0.05.

35



RESULTS

Movements in healthy subjects

Healthy subjects made rhythmical endpoint movements with each arm at both speeds (Fig.
1B). Movements were slightly curved (IC=1.01-1.09; Fig. 2 A,B) and precise (RMSE=13.2-20.7
mm) for each direction (Reachln, ReachOut). As expected, ranges of Elbow, Sh-H-Abd, Sh-Flex
and Trunk movement varied with movement direction. Compared to self-paced movements,
trajectories (IC) of slow movements were significantly (~5%) less straight (F; 114=18.061, p<0.001)
and used 5-28% less Sh-Flex (F; 1;5=4.713, p<0.05). Temporal IJC was better (smaller LAG) for

self-paced compared to slow movements (F; 115=4.080, p<0.05).

Movements in patients with stroke compared to healthy subjects

Since endpoint straightness, Sh-Flex range of motion and LAG differed in slow compared to
self-paced movements in healthy subjects, movement characteristics made by subjects with stroke
were compared only with those made by healthy subjects at slow speeds. Difficulties in reaching
with the affected arm were evident in all stroke subjects (Fig.2 C,D). Overall, there was a difference
in movement time between the stroke group and the healthy subjects moving slowly (F; ;13=54.083,
p<0.001; Fig. 3A) such that healthy subjects movements were slower. Nevertheless, in terms of
movement quality measures, only Sh-H-Abd was less (means varied from 11.8- 35.7°) for
movements in both directions made by stroke compared to healthy subjects (means: 34.7-56.7°;
F1.114=18.397, p<0.001, Fig.3D). As expected, due to the difference in the target locations, there
were also differences within groups for reaches made in each direction for movement time, error at
the far target, Elbow, Sh-H-Abd, Sh-Flex and Trunk ranges (Fig.3A-F). In addition, there were

interaction effects between group and movement direction. Compared to the healthy slow group,
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stroke subjects made movements in the ReachOut direction faster (F; 113=5.549, p<0.05, Fig.3A) but
they used less elbow extension (F; 1;4=4.128, p<0.05, Fig.3C) and more trunk forward displacement
(F1.116=15.466, p<0.001, Fig.3E). For the Reachln direction, stroke subjects used less Sh-H-Abd
compared to the healthy group (Fig.3D, F; 114=55.181, p<0.001) and more backward trunk

displacement (F; 116=15.466, p<0.001, Fig.3E).
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the finger-to-nose test in one healthy subject and one subject with stroke. Blue lines show endpoint

trajectories and red lines show trunk trajectories.
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Within the stroke group, there were differences in endpoint performance and movement
quality variables for movements in each direction. The stroke group took longer to make the
outward (ReachOut) compared to inward reaches (Reachln; p<0.001, Fig.3A). Stroke subjects
also used more elbow extension (p<0.001, Fig.3C), more Sh-H-Abd (p<0.001, Fig.3D) and more

trunk forward displacement (p<0.001, Fig. 3E) for ReachOut compared to ReachIn movements.

Relationship between kinematics and clinical severity

For the endpoint performance variables, total time to perform the task (10 repetitions) was
correlated with impairment severity (FMA: r=-0.55, p<0.01, Fig.4A; biceps spasticity: r=0.45,
p<0.05) but not with activity level. Endpoint trajectory straightness (IC) for each direction
(ReachlIn, ReachOut) correlated with several clinical impairment scores (FMA: r=-0.47 p<0.05, r=-
0.52 p<0.02 (Fig.4B); biceps spasticity: 1=0.47 p<0.05, r=0.46 p<0.04; triceps spasticity: r=0.55
p<0.01, 1=0.46 p<0.04). IC also correlated with clinical activity scores only for the Reachln
direction (BBT: r=-0.57, p<0.01; mWMFT: r=-0.53, p<0.01). Bivariate correlation also revealed a
tendency of a positive relationship between the time to perform the ReachOut phase with LAG
(r=0.46, p=0.055, Fig. 4C) in the stroke group whereas this relationship was negative and highly

significant in the healthy subjects moving slowly (LAG: r=-0.67, p<0.03, Fig 4D).
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Multiple regression analysis demonstrated that for the Reachln direction, Sh-H-Abd range
(B=0.127), LAG (B=0.855) and IJC (B=-0.191) explained 82% of the variance in the time to
perform FNT. Similarly, for the ReachOut direction, LAG explained 94% of the variance in the

time to perform the FNT.
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DISCUSSION

This is the first study to objectively quantify upper-limb movement patterns and coordination
used to perform the FNT involving arm movement to and from the nose and a sagittal target. We
evaluated this relationship between the time to perform the FNT and upper-limb kinematics in
patients with stroke compared to healthy controls. We used a single subject position and target
placement but the innovation in our approach was the determination of the relationship between
kinematic variables describing endpoint performance (time, tremor (straightness), dysmetria (error))
and upper-limb movement quality (joint ranges, interjoint coordination). Results indicate that the
time to perform this version of the FNT is a good measure of interjoint coordination. Compared to
movements made at slow speeds in matched control subjects, subjects with stroke used less
shoulder flexion and horizontal adduction and more trunk displacement for both Reachln and
ReachOut directions of the FNT. In addition, while the interjoint coordination pattern differed in the
healthy subjects according to movement direction, stroke subjects used a similar spatial interjoint
coordination pattern for both Reachln and ReachOut phases. Overall, the temporal interjoint
coordination score was an excellent predictor of the variance in the time to perform the FNT based

on a multiple regression model and the time to perform the FNT was related to clinical impairment.

Relationship between time to perform the FNT and clinical outcomes
The FNT is a well-known, quick and easy to administer clinical test widely used as an

essential part of the upper-limb neurological evaluation.”*'?

However, there is a lack of consensus
regarding testing conditions and outcomes. Previous research has related the time to perform the

FNT to clinical outcomes in different populations such as the healthy elderly’' and patients with

.. 0 . . 32 . 19 - .
head injury®’, multiple sclerosis®> and neuromuscular disorders."” Time to perform any version of
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the FNT was correlated with gross and fine finger dexterity (r = 0.82-0.84), functional
independence (r = 0.74), social participation (r = 0.78),%* gross and fine manual dexterity and grip
strength,'® functional arm tasks (r = 0.70-0.84),”* Box-and-Blocks test (r=0.82) and Purdue
Pegboard (r = 0.82)." Our result is consistent with previous findings, suggesting that the time to
perform the FNT is related to the level of upper-limb impairment severity in patients with chronic

stroke.

FNT and coordination in healthy subjects

In healthy subjects, elbow, shoulder and trunk movements contributed differently to the
execution of the FNT at self-paced and slow speeds. This was not surprising since characteristics of
kinematics are related to movement speed.”>~* Movement trajectories were less straight when the
FNT was performed slowly. Slower movements were performed by locking the shoulder joint at a
certain angle and reducing the speed of elbow movement. In this way, healthy subjects controlled a
fewer number of articular degrees of freedom but this strategy also resulted in the endpoint
trajectory being less straight in the sagittal direction compared to when movements were made at a
faster speed. The greater contribution of elbow compared to shoulder movement to the endpoint
trajectory was also reflected in higher interjoint coordination values for slower movement. These
findings support the use of data from healthy subjects making arm movements at a slower than self-

paced speed as a matched control group for subjects with stroke.
FNT and coordination in subjects with stroke

Adaptation of reaching in healthy subjects is associated with an increased variability of joint

combinations to achieve the same hand path (motor equivalence).*>>® The decreased modulation of
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shoulder horizontal adduction/abduction in the stroke group in both directions suggests a decrease
in kinematic redundancy in which subjects with stroke did not recruit all the available degrees of
freedom to perform the task. Our results are consistent with Archambault et al.*” who showed that
stroke patients have higher variability in endpoint performance during a reaching task due to less
adaptive movement patterns. In addition, previous studies have shown that patients with stroke had
deficits in adapting elbow-shoulder interjoint coordination patterns for reaching to targets placed
within- and beyond-the-reach.*®*’ Similarly, patients with stroke used fewer joint combinations
during forward reaching-to-grasp* and for reaches beyond the arm’s functional reach length.*'

Mean values of spatial and temporal interjoint coordination were not significantly different
between groups and directions because of high within-group variability. However, correlation
analysis showed that, in contrast to healthy subjects who had a significant negative relationship
between LAG and movement time (Fig. 4D), more temporally coupled shoulder and elbow
movements in subjects with stroke was related to a longer time to perform the FNT (Fig.4C).
Overall, in the stroke group, longer LAGs were related to longer times to perform the task in both
directions. For the Reachln direction, longer times were also related to a lower interjoint
coordination values. These results suggest that when subjects with stroke attempted to perform the
movement faster, the presence of an abnormal upper-limb flexor synergy may have contributed to
the simultaneous activation of the two joints leading to a diminished movement speed.

Deficits in the adaptability of interjoint coordination may have contributed to differences in
trajectory formation for reaches towards (egocentric) and away from the body (exocentric) for the
stroke group. The exocentric frame of reference used for ReachOut was opposite to the upper-limb
flexor synergy. Spasticity scores for both biceps and triceps brachialis were moderately correlated

with elbow-shoulder temporal interjoint coordination (LAG). It has been demonstrated that in
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patients with stroke, abnormal joint coupling primarily limits the ability to extend the elbow in an
exocentric frame of reference* leading to a decreased upper-limb workspace for outward

reaching.***

This could explain why outward reaching tasks were more disrupted than egocentric
ones. In addition, the presence of a flexor synergy pattern may decrease the variability of upper-
limb movements when performing functional tasks, especially ones requiring more shoulder

horizontal abduction.****?

The decrease in variability due to deficits in interjoint coupling narrows
the range of movements available to adapt upper-limb movement to task demands.*® Previous
studies have mainly focused on ReachOut movements showing a disruption in the relative timing of
shoulder and elbow movements in reaching towards targets in different parts of the arm workspace

(e.g, near, far, contralateral, ipsilateral**). Our results suggest that the disruption in temporal

interjoint coordination affects both exocentric and egocentric movement directions.

Role of trunk displacement

Trunk displacement was greater in the stroke patients and varied according to reaching
direction. This is consistent with previous studies showing that the trunk is recruited earlier and
makes a greater contribution to the endpoint displacement in stroke patients compared to healthy
subjects for reaching and grasping tasks, and that this effect is more evident in patients with more
severe hemiparesis.”®* However, use of the trunk did not affect coordination between shoulder and
elbow joints since the amount of trunk displacement was not correlated with temporal and spatial

interjoint coordination variables.
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CONCLUSIONS

For this version of the FNT, the time to perform the test was related to temporal and spatial
interjoint coordination. In addition, dividing the analysis of the movement into ego- and exocentric,
Reachln and ReachOut directions, provides us with some insights into direction-dependent
movement deficits and their relationship with pathological upper-limb movement synergies. This is
a new approach to understanding the role of synergies during arm movements that include change
in direction which may have implications to recovery of arm function after stroke. The conclusion
that the metric of time is a good indicator of upper limb coordination in patients with stroke is

however, limited to the conditions of the FTN test performed and the type of patients evaluated.
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CHAPTER 5: GENERAL DISCUSSION

The objective quantification of upper-limb movements has been a challenge for researchers and
clinicians throughout the years. Different pathologies lead to impairment in the upper-limb. With
610,000 new cases every year around the world, stroke is a common neurological disease and
patients with stroke have upper-limb deficits including problems of coordination. Many analytical
techniques were suggested to assess upper-limb function objectively, but the applicability of these
methods in daily practice is rarely feasible and is met with resistance from practitioners. The
reaching task is considered a coordinated task. It requires highly interactive recruitment of multiple
joints in both temporal and spatial domains. The proper interaction of these motor aspects results in
displacement of the endpoint in space to efficiently reach the goal: touch the target. Simple reaching
requires the interaction of two or more joints in a coordinated way, without which movement
quality and performance would be compromised.

The gold standard clinical test for measuring upper-limb coordination is the FNT. However, the
validity of the test in the stroke population has never been studied by comparing the test metrics to
kinematic outcomes. This study aimed to quantify the assessment of upper-limb coordination using
kinematics as an objective outcome to be compared to the FNT metrics of time for task completion,
tremor (straightness) and dysmetria (RMSE). Although the time to perform the task is an objective
measure, it does not reflect the movement pattern used by the subjects to perform the task, e.g., the
same subject can perform the task twice in the same amount of time but using only elbow flexion -
extension movements during the first attempt and by using a perfect combination of elbow and
shoulder movements, with trunk displacement at the end of range of the reaching movement. This

paradox illustrates the necessity of the validation of the time to perform the test to be used as a
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measure of coordination in clinical practice and how the use of compensatory movement patterns

can confound the findings.

Rationale for testing coordination with vision and proprioception

Although many alternate testing conditions are used in clinical practice, only one condition (eyes
open and touching the target) was used for this project. The interaction of information from
different sensory afferents conveyed to the central nervous system plays a major role in movement
perception and influences movement performance and quality (Johnson et al. 2008; Sarlegna and
Sainburg, 2009). Proprioception and vision are used to determine limb position and seen position,
respectively (Graziano, 1999; Touzalin-Chretien et al., 2010).

We instructed patients to perform the test with the eyes open. Performing the test with the eyes open
leads to more precise movement. In addition, visual feedback provides additional perception which
assists in better target localization and/or online corrections during the movement. However,
performing the task with vision also has some drawbacks. Visual information can be used to
substitute for proprioceptive loss (Tunik et al., 2003). Because patients depend on both vision and
proprioception during the movement under this condition, we could not isolate and analyze the role
of proprioception deficits in this population. This is relevant and should be investigated in the future
since deficits in proprioception lead to movement impairment and the visual feedback can hide
aspects of loss of proprioception. Also, on-line correction might have influenced the test outcomes.
In addition, both groups had tactile feedback from the target to be touched and the tip of their own
nose and this feedback might have influenced the results. Another test condition, with no specific
target position and where the patient has to move their finger back to the same starting position is

commonly used in clinical practice. Future investigation of this test condition will be interesting to
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observe whether the outcomes vary. In the future, performance comparison between alternate test
conditions might be useful to better understand how each condition may contribute to upper-limb

coordination.

Speed

As indicated at the Fig. 1B, healthy subjects moving their arm at a fast self-paced speed, performed
the task faster on average than the subjects with stroke. Speed is a major factor to be considered in
kinematic analysis. Kinematic outcomes are known to be influenced by speed (Lamontagne and
Fung, 2004). To account for the effects of speed, we asked the healthy subjects to move their arm at
slower speeds. The examples shown in Fig. 1 illustrate the differences in kinematics due to different
movement speeds and justify the inclusion of the condition of healthy subjects moving their arm
slower as a matched control group for our stroke subjects. According to Fitts’s law, movements
performed at faster speed are more difficult and are also influenced by the width of the target to be
touched. Thus, during the course of this project, we did not insist on precision as we could have lost
time as a measure and that does not reflect how the test is done in the daily clinical practice. In
addition, we could have given additional sensory feedback on precision (e.g. light glowing when
target was touched, beep sound, etc.) but this may not reflect the reality in the clinical set up. Future

studies could test the effects of different target sizes and focus on precision on coordination.

Examples of FNT as a test of coordination
For the execution of reaching movements, many degrees of freedom are needed to perform a
straight, smooth and fast movement. The involvement of trunk, shoulder, elbow, wrist and fingers

during the performance of the task reflect the large number of degrees of freedom to be controlled
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throughout the execution of the task. We measured only two degrees of freedom, one relative to the
elbow, i.e., flexion extension range of motion and another relative to the shoulder, i.e., horizontal
abduction and adduction range of motion. These two components play a major role in reaching
movements and the interaction plays a major role in the successful execution of the task used in our
paradigm. Further investigation of the contribution of other degrees of freedom is required in order
to comprehensively understand their role in reaching tasks as well as how they relate to the time to

perform the finger-to-nose task.

In addition to the method used in our study, interjoint coordination can also be assessed by a variety
of other analyses. These alternative methods may be more useful when there is a large amount of
data (e.g., muscle activity, ranges of motion of multiple joints) that need to be organized and graded
to produce an adequate interpretation of their contribution for task outcomes. Some examples of
these methods are the principal component analysis (PCA), uncontrolled manifold (UCM) and joint
torque analysis. They all have their own pros and cons but can be used for further investigation of

the FNT.

PCA

Principal component analysis, 1.e., PCA, forms the basis for the analysis of multivariate datasets and
can have many goals on a complex data matrix, e.g., simplification, data reduction, modeling,
outlier detection, variable selection, classification, prediction and unmixing (Wold et al., 1987). In
cases where the dataset is large and complex, such as motion analysis techniques of upper-limb
movements, PCA can be very helpful to identify partitions of this dataset that are more related than

others to the outcomes to be investigated. As an example of the applicability of this method in
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neurological rehabilitation research, it has been previously been shown that PCA can be useful on
identifying interactions between compensatory trunk movements and pathological synergies in the

elbow and shoulder during reach-to-grasp after stroke (van Kordelaar et al., 2012).

UCM

Another method used to analyze upper-limb movements is the uncontrolled manifold, i.e., UCM.
This method has been suggested to be useful for the quantification of spatial interjoint coordination
(Cirstea et al., 2003) and it does it by assessing the kinematic variability during a motor task. If in
the same task, many different interjoint interactions are possible, this method grades the most
relevant ones, i.e., controlled manifolds from those that are neutral or not affected by the task, i.e.,
uncontrolled manifolds. In order to obtain adequate outcomes from this technique, the joint
configuration must very clearly define from beginning and end of movements, enabling UCM to be
calculated. However, in subjects with stroke this is very challenging due to the varied impairment
clinical manifestations. Because we did not want to impose a limit to the subjects by defining and
constraining the task to a certain pre-defined joint configuration scheme, this may pose a problem
for the applicability of this technique. In addition, the clinical application of the test does not cue

the subjects with neurological impairments to which strategy to use to perform the task.

Joint torque analysis and coordination

Another approach to study altered spatial coordination is the study of patterns of muscle activation
in subjects with post-stroke hemiparesis (Dewald et al. 1995). This approach provides insight
regarding the utilization of EMG to understand how certain key upper-limb muscles are recruited

alone as well as a synergy when reaching towards varied target locations. The muscles studied were
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biceps brachii, brachialis, triceps brachii, brachioradialis, and anconeus muscles at the elbow joint
and deltoid (anterior, intermediate and posterior), pectoralis major and trapezius (superior and
middle) muscles at the shoulder joint. This study mentions that this is a static approach to the
analysis of upper-limb coordination but again there is a relevant piece missing to fully understand
coordination; temporal coordination. Although it is interesting to learn about how these muscles are
recruited according to target location and the differences between the more- and less-affected side
in subjects with post-stroke hemiparesis, the fact that isometric contractions were performed may
pose a problem as the natural dynamic characteristic of upper-limb movements are not considered
in this method. In addition, isometric contractions do not account for the changes in muscle length
that occur along the reaching task in upper-limb muscles and that are required to perform a smooth

and accurate movement.

Clinical implications

The time to perform this version of the FNT was related to two aspects of upper-limb coordination
that are often measured as an indicator of recovery from a neurological injury. For example, faster
performance would indicate a level of upper-limb recovery. This conclusion does not hold true for
all versions of the FNT or for all populations and should be interpreted accordingly in a clinical

situation.
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CHAPTER 6: CONCLUSION

Time to perform the FNT can be a good measure of coordination for this version of the test for
this population. Further research should examine the effect of different test conditions and

patient positions on the results of the test.

6.1 Limitations

Many different versions of the FNT are currently available and being used in the clinical
practice. The version chosen for this study is one that is commonly used and may provide the
most information about interjoint coordination since the task requires the control of multiple

degrees of freedom.

FTN test can be measured in many different conditions, e.g., sitting, standing, lying down, eyes
open and closed, touching the target, not touching the target. Our version of the test was
performed with the eyes open with the subject touching the nose and the target, which represents
the most simple and feasible manner for addressing the issue of the test validity. Further research
is required to assess the effects of the other variables such as vision, proprioception and haptic

information on upper limb coordination.

In this study, we assessed mild to moderate chronic stroke subjects and compared the results with
healthy age and gender matched individuals. Patients with more severe stroke may not be able to

perform this version of the test and therefore, our results may not be extended to this population.
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