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Abstract

Evidence of Motor Recovery
In Hemiplegic Stroke Patients
Induced by a Bilateral Symmetric Arm Trainer

by
Ki-Sik Tae
Doctor of Philosophy in Biomedical Engineering-
Graduate Program in Biomedical Engineering

Yonsei University

The hemiparesis is the most common deficit aftaykst or brain injury,
affecting more than 80% of subjects acutely andentban 40% of those patients
remained at chronic condition. Within 2 to 5 mondfiter stroke, patients recover
variable degrees of function, depending on thaaindeficit. An impaired hand
function is one of the most serious disability manic stroke patients. Therefore,
to evaluate the extent of motor dysfunction in hleeniplegic hand is important in

stroke rehabilitation.

In this dissertation, motor recoveries in 8 chraméniplegic patients with
Fugl-Meyer (FM), modified Ashworth scale (MAS), mah muscle test (MMT)
scores, electromyography (EMG) responses, coréicivation and white matter

changes before and after the training program wathdesigned bilateral

xiii



symmetrical arm trainer (BSAT) system were examin&tle training was

performed at 1 hr/day, 5 days/week during 6 weeks.

In all patients, FM, MMT and MAS were significanilyproved after the 6-
week training. EMG responses of the hemiplegic hamde recorded during
isometric wrist flexion/extension movements. Delayonset/offset of muscle
contraction and the co-contraction ratio (CCR) lefxdr/extensor muscles of
hemiplegic hand decreased significantly after thening. We compared cortical
activations in different tasks before and after ttaning program. Functional
magnetic resonance imaging (fMRI) studies in uailat wrist movements
showed that cortical activations decreased in apsidl SMC but increased in
both contralateral SMC and ipsilateral cerebellimbilateral wrist movements,
bilateral SMC, PMA, SMA and cerebellum showed aaitireorganizations.
Laterality index (LI) was significantly increasen affected hand movement after
training. Diffusion tensor imaging (DTI) resultssal showed that fractional
anisotropy ratio (FAR) and fiber tracking ratio ®rin the posterior internal
capsule were significantly increased after thening. It seemed that the cortical
reorganization was induced by the 6 week trainingh vihe BSAT. In all
parameters proposed this study, a significant @iroe was found between these
parameters (clinical assessments, onest/offsey,dadacontracion ratio, LI, FAR
and FTR) and motor recoveries.

This study demonstrated that clinical assessmEMS;, fMRI and DTI can

be used to predict motor recovery in chronic henatia patients.

Key Word: Chronic stroke patients, motor recovdsilateral symmetric arm
trainer (BSAT), clinical assessment, electromyog(&MG), functional magnetic

resonance imaging (fMRI), diffusion tensor imag(BJ )

Xiv



1. Introduction

Stroke is the second leading cause of death in&dodlowed by the
cancer. More than 100,000 new strokes occur in &ok@proximately 60% to
80% of stroke patients survive [IHlemiparesis is the most common deficit
after stroke, affecting >80% of subjects acutely @d0% of those patients
chronically [2]. Rehabilitation techniques have been more successful
restoring function in the lower limb than in thepap limb [3]. Unfortunately,
upper limb function is more important for independiving and self-esteem
[4]. Nakayama et al. [5] reported that further nesy of upper extremity
function should not be expected unless functioeebvery has occurred by the
11" week.

The recovery of voluntary arm movements is onehefrhain goals in
hemiparetic rehabilitation to avoid long-term didiéibs in daily living
activities. Current upper limb rehabilitation traigs require enormous efforts
of physical therapists, resulting in high costs dad efficiency for the
treatment. Therefore, upper limb training systeros provide rhythmic
movements have been developed for clinical appdicat6-8].

Clinical evaluations such as Fugl-Meyer (FM) scoresodified
Ashworth scale (MAS) and manual muscle test (MMBvé been used
extensively to quantify motor recovery [2]. Theyeaeasy to perform,
inexpensive, and usually can be conducted in & shoe.

In order to expand treatment strategies, the natuhemiparesis and its
relationship to clinical outcome must be furtharcedlated using quantifiable
methods. Hammond et al. [9] and Chae et al. [1Ohalestrated significant
delays in onset and offset time of muscle contoacin hemiparetic stroke
subjects. Hammond et al. [11], Kamper et al. [X24nning et al. [13] and
Pisano et al. [14] reported significant differenge®lectromyography (EMG)



interference pattern with abnormal co-contractiohsagonist and antagonist
muscles.

With the recent development in functional neuroimggmodalities
such as functional magnetic resonance imaging (JMBbsitron emission
tomography (PET) and transcranial magnetic simutat{TMS), several
studies have reported the cortical reorganizatioduced by physical
interventions in hemiplegic patients [15-18]. Fumeaél imaging and
electrophysiologic brain mapping techniques haveviged substantial
insights into the adaptive changes of cerebral oesvassociated with the
recovery from brain damages. These studies denabedtthe recruitment of
areas adjacent to brain lesion or ipsilateral moggions of the unaffected
hemisphere after the complete recovery from theeupgxtremity motor
impairment.

Furthermore, the reorganization of both motor asdsery structures
occurs in parallel with the improvement of the uppetremity motor function
[15,16]. Given the close temporal correlation betwethese sequential
alterations of cerebral activity and the returrvoluntary motor control, many
of the dynamic changes observed in the cerebrédxonay have a restorative
capacity. Accumulated evidences in hemiparetic epéi suggest that
rehabilitation techniques with repetitive trainiogfunctional movements have
significant effects on the recovery of motor skjllg,18].

Recovery from focal motor pathway lesions may beoaiated with a
functional reorganization of cortical motor ared&gevious studies of the
relationship between motor recovery and the funetiocconsequences have
employed fMRI, which provides limitation of the wttural information. The
recent development of diffusion tensor imaging (Didw provides qualitative

measures of fiber tract integrity and orientatid][



The purpose of the present study was to evaluate ughper-limb
function recovery in chronic hemiparetic patienftera6 week motor training
with the designed bilateral symmetric arm train®SAT) system. For
guantitative evidences, we measured clinical assass such as FMA, MAS,
manual muscle test (MMT) scores, EMG charactedstind neuroimaging
methods such as fMRI and DTI. Figure 1.1 showsptimocol design for this
study.

Clinical Assessment Clinical Assessment

EMG EMG
Chronic fMRI/DTI Clinical Assessment  Clinical Assessment fMRI/DTI
o [ - = |
Patients
(n=8)

0 2 4 6
< 6 Weeks Training With the BSAT >

Figure 1.1. Protocol design for this study. Clihiessessments and EMG
parameters were measured every two weeks during tireek training, fMRI
and DTI were measured before and after training.

This dissertation consists of 8 chapters and appesdn Chapter 2, the
basic knowledge to understand this dissertatiorexiplained. Section 2.1
introduces motor recovery procedure in chronick&rpatients. Section 2.2
introduces brief conventional and current strokbabditation techniques
including neural mechanisms during bilateral movetmand advantages of

bilateral movement.

In Chapter 3, experimental setups in this ywttd understand the
following chapters are described. Section 3.1 thioes the compositions,
principles and characteristics of the Bilateral &ystric Arm Trainer (BSAT)
designed for motor training. Section 3.2 descritlescal characteristics and

inclusion criteria of eight chronic stroke patieries this study. Section 3.3



introduces the protocol of 6-weeks training progrsuggested for this study.
Section 3.4 describes hypotheses of effect on motaection after 6-weeks

training.

In Chapter 4, experimental results to evaluatgor recovery using
clinical assessments are represented. Sectiom#dduces the usefulness of
clinical assessments for evaluation motor recowarg previous studies in
stroke patients. In Section 4.2, the basic knowdedf clinical assessments
such as Fugl-Meyer (FM) scores, modified Ashwodales (MAS) and manual
muscle test (MMT), is explained. In Section 4.3+4&8perimental methods,
analytic techniques and results during 6-weeksitrgi with the BSAT, are

described.

In Chapter 5, experimental results to evalmadéor recovery using EMG
parameters such as onset/offset delay, co-cordracétio are presented. The
correlation between the motor recovery and EMG rpatars is analyzed. In
Section 5.1 introduces previous studies using EMGstroke patients. In
Section 5.2~5.5, experimental methods, analytichrigpies and results

compared with before and after 6-weeks trainindp\hie BSAT, are described.

In Chapter 6, experimental results to evaluate moégovery using
fMRI are presented. The correlation between mogmovery and cortical
reorganization is analyzed. In Section 6.1 intreduprevious studies using
fMRI in stroke patients. In Section 6.2 the basimowledge of magnetic
resonance imaging (MRI), functional magnetic resmeamaging (fMRI) and
neuroimaging mapping technologies is explained. Jaction 6.3~6.6,
experimental methods, analytic techniques and teesampared with before
and after 6-weeks training with the BSAT, are pnése.



In Chapter 7, experimental results to evaluate moégovery using
diffusion tensor imaging (DTI) are presented. Thereation between motor
recovery and the fractional anisotropy (FA) in Darid the amount of fiber
tracking run through the corticospinal tract in 8Bctography is analyzed. In
Section 7.1 introduces previous studies using DEtioke patients. In Section
7.2, basic principles of DTI and 3D fiber trackiftgactography) technology
are explained. In Section 7.3~5.6, experimentalhoud, analytic techniques

and results during 6-weeks training using withBI®AT, are presented.

Finally, brief conclusions and future works areegivn Chapter 8.
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2. Stroke Rehabilitation: Overview

This chapter describes the basic knowledge utmlerstand this
dissertation. This chapter consists of three pafst. Motor Function
Recovery’ introduces the motor recovery procedarehronic stroke patients.
‘2.2. Intervention for Rehabilitation’ introducesidf conventional and current
stroke rehabilitation techniques. ‘2.3. BilaterabWment Rehabilitation with
Chronic Stroke’ describes neural mechanisms dusifegeral movement and

advantages of bilateral movement.

2.1. Motor Function Recovery

The hemiparesis is the most common deficit aftekst or brain injury,
affecting more than 80% of subjects acutely andemtban 40% of those
patients remained at chronic condition [1]. Mostlyeatage hemiparetic
patients experience some functional recoverieserks to months following
brain injury. While many patients recover ambulgtéunction even after
hemiplegia, the restoration of upper extremity mosg&ills is often less
complete. Only 20% of the patients who remain flh&weeks after stroke or
brain injury regain some functions to use theirdsaf2]. Figure 2.1 shows the
general time course of neurological score untilrapimately 6 months after

stroke.



Optimal recovery

plasticity

Figure 2.1. Idealization of time course of neurological scoi®(=normal
function) from onset until approximately 6 monthHternstroke, as a function

of plasticity.

In humans, there is abundant evidence that spomianescovery of
function during the first 3 months after strokenssefrom a complex pattern of
brain reorganization. Concerning general processkfed to spontaneous
motor recovery, three major changes have beenifigeit(a) compensatory
changes in the damaged hemisphere in the functargahization of the intact
cortical tissue surrounding the infarct[3,4]; (betactivation of motor areas
and ipsilateral corticospinal fibers in the unaféet hemisphere [5]; (c) the
increased activation of nonprimary motor areas sashthe supplementary

motor area, inferior parietal cortex, cingulatesula, and cerebellum [6-8].

2.1.1. Neural Plasticity of Human Brain

As recent as a decade ago, it seemed inconceit@bieuroscientists
that widespread functional and structural plastigias possible in the cerebral
cortex of adult mammals [9, 10]. Even though Heblj thampioned synaptic
plasticity in his 1949 classic book, OrganizatidrBehavior, neural plasticity
took time to become accepted [12]. A landmark discp that stimulated



research and debate concerned nerve growth factbeiadult brain [13]. In a
review of neural plasticity and rehabilitation, @ohand Hallett [14] argued
that the discovery of nerve growth factor led tpemments on trophic effects
later in life. Currently, neuroscientists acceptattmeural plasticity, the
tendency of synapses and neuronal circuits to @ahge to the activity,
affects the mature brain [15, 16].

Valuable insights into the neurophysiological mettas mediating
neural plasticity have emerged from the introductiof non-invasive
techniques in studies on humans, including posiearission tomography
(PET), transcranial magnetic stimulation (TMS), afuhctional magnetic
resonance imagery (fMRI). Fast and slow corticalroplasticity have been
identified, each distinct in their time-course amdtlerlying mechanisms [17].
Fast neuroplasticity can occur in minutes (with@ssion plasticity) and
reflects changes in the balance of excitation amibition within the cortex
[18, 19]. This form of neuroplasticity appears te telatively transient and
dependent on down regulation (suppression) of gaanmmebutyric (GABA)
inhibition [20, 21]. In contrast, slow neuroplagcwhich occurs over a much
longer timecourse (days to weeks: between-sesslastigty), is evident
through changes in cortical organization and appéarinvolve long-term
potentiation [19]. Between-session plasticity isspgent and stable and can
remain even after several months [18]. While betwsession plasticity and
rehabilitation improvements are dependent on tdedtion of within-session
plasticity, additional long-term benefits dependmadulating the balance of
excitation and inhibition [22]. Although there aextensive literatures on
neuroplasticity, the present review focuses oniaartplasticity following
stroke and, in particular, the growing evidencetleérapy-induced neural

reorganization.
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2.1.2. Functional Reorganization

Reorganization of the brain must occur at somelldveexplains the
ability to adapt to changes in the environmentemovery from brain injury.
Modifications due to the cortical reorganizatioe #rought to occur through at
least three different mechanisms. The first of ¢hesechanisms, long-term
potentiation (LTP), is a process whereby the symagffectiveness, or the
weight of the connection is altered as a resulh gbnsistent modification of
their afferent over time. The effect of this medsamis typically dissipated
over a period of minutes to hours [23] and unles®mpanied by the presence
of N-methyl-D-aspartate (NMDA) is not permanent. eThHundamental
argument against LTP is that the extent of reomgin attributable to LTP is
within the arborization of one neuron and theref@eunlikely to be the
catalyst of the level of reorganization thoughbteur following amputation or
brain injury. The second and third mechanisms, wking and sprouting are
the most likely candidates underlying the reportedel of reorganization

(0.52cm) following amputation or brain injury.

2.1.2.1. Unmasking

In case where neuronal connections are lgsutjin such processes as
lesions or deafferentation, there is a possibfbtyunmasking to occur. If the
original neuronal connections were acting to inhiime or more adjacent
neurons, that were previously silent because tharewvinhibited, now may
become inhibited, now may become disinhibited omasking. When this
unmasking occurs at the highest level of processorgexample in the cortex,

the effect may be quite small, since the area lubition is within a few axon
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arborizations. However, many researchers suggesit tlarge-scale
reorganization may be affected, when the unmaskaogrs at an earlier stage
in the processing stream such as in the brainstetatamus [24]. Small
changes in these areas may then lead to the ewdehdarger levels of

reorganization at the cortical level.

2.1.2.2. Sprouting

Can the nervous system grow new neurons? Tieesdy very limited
concrete evidence to suggest this possibility,reaearchers are looking hard
to determine if this can happen. The current widwedid belief is that no new
growth is possible [25]. Can the neurons grow ngana? The current answer
is, maybe. Florence et al. [26] have shown thatadgd axons from the skin
of the hard can grow and innervate new territoinethe spine. However, this
regeneration was thought to take place only inezigpgrowth mode when the
brain was producing a protein, growth-associatemtemm 43 (GAP-43) that
modulates axonal growth and repair. However, Kams Florence [25] have
suggested that, in the case of amputation or birgury, this is not the
mechanism for new neuronal growth because it ire®luninjured nerves,
which presumably have no raised levels of growthaecing compound. This
would seem arguable since brain injury is clearlypnassive deafferentation
process in which many neurons are likely damagéeyTsuggest, however,
another mechanism whereby the deafferentation psoo€ brain injury leads
to a decrease in those factors that would inhitwtwh and presumably, new

growth could consequently occur [25].
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2.1.2.3. Unmasking versus Sprouting

Until 1991, there was a general consensus tti@tlimit of cortical
reorganization was determined by the extent of athakortical axon
arborization. Changes within the cortical arboiaatwere likely either
induced either by the mechanisms of LTP (on they wenall scale) or by
unmasking to produce up to 1~2 mm of cortical sigfahange. Up to two
millimeters of change was consequently thoughtdahe maximum change
that could be expected in the adult brain, andaup291, there had been no
reports of larger scale reorganization. Howevee, dinea of the cortex that
subserves the hand or a given limb is quite langethe order of centimeters
rather than millimeter. The answer to the questbnvhat happened to this
large area if reorganization could affect onl2Inm was left at the following
explanation. Initially, this large area was thougist be a silent and
unresponsive cortical area. As pointed out aboweleuthe mechanisms of
LTP and/or unmasking resulting from the disinhibitof the surrounding
neurons, these expansions could only encroaéghmim into the previously
denervated area [26]. Calford et al. [27] suggestatithis process continually
repeated and left only a small core of silent nesirgeveral weeks later.

This evidence supports a model of reorganizatioméid by I2 mm in
extent without any additional processes such asusipg. In 1991, the
presumed spatial limits of reorganization was exlgdnafter a work by Pons
et al. [28] in which monkeys who had undergone f@eaftation 12 to 20 years
prior underwent electrophysiological mapping of g@matosensory cortex.
They found to have undergone cortical reorganimatio the magnitude of
1520 mm.

There have been a number of theories suggestisgjljpe mechanisms

for this larger scale reorganization. Theories psap the awakening of
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previously silent projections through unmasking sprouting [29]. The
simplest theory postulates that the reorganizattorachieved through the
sprouting of new axonal connections. In this theagurons outside the newly
silenced area would sprout new connections intostlemced zone following
normal neuronal arborization code to join functiogeoups. Similarly, the
neuron within the silenced zone would also spraw ronnections to areas
adjacent to the silenced zone that have not beprivéd of their afferents.
Interestingly, reorganizations resulting from sginog are likely to lead to sub-
optimal functional results. However, there is déitdvidence (mentioned above)
to indicate even the possibility of sprouting. Evea, sprouting is still
considered as a viable mechanism of the reorgamizat

Pons et al. [28] have a different approach to timenasking and
amplification (divergence) theory of reorganizatidiney have suggested that
the thalamus is the key to cortical reorganizatibanges seen cortically. They
examined eight monkeys after upper limb deaffetenta The thalamus of
each monkey had undergone extensive reorganizatidratrophy in the areas
normally associated with the upper limb. The noromatical projection points
of these areas of the thalamus were active. Jare$ans [30] felt that, even
without sprouting, the normal arborizations of thalamocortical projections
might explain the map expansion. The normal extefntthe finger
representation in area 3b of the macaque somamyensrtex is between 10
and 12 mrh The breath of expansion and the overlap of thmcadt
projections from region of the VP nucleus represgnbearby body parts was
even larger. They pointed out that this divergemas great as 35%, including
a substantial part of the representation of a simgit of the VPL can be
destroyed before the representation in area 3kdaced and adjacent areas
begin to expand. Their findings indicate that lasgale reorganization found

in their study was the result of long-term, conting, and progressive process
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of thalamic atrophy and subsequent unmasking ahtitartical connections.
The authors are also quick to point that intracattimechanism, such as
sprouting and cortico-cortico unmasking, have na&erb ruled out as
contributory mechanisms even through the evidenag thalamic
reorganization may be even be enough to explain phenomena.
Microsimulation of intracortical neurons also hdmee teffect of short-term

expansions of body part representations in the smeasory cortex [30].

2.2. Motor Rehabilitation after Stroke

Current upper limb rehabilitation trainings requéeormous efforts of
physical therapists, and thus result in high cestd low efficiency for the
treatment (Figure 2.2). Therefore, upper limb tragnsystems have been
developed for clinical applications. Many researslj81-34] presented robot-
assisted movement exercises in daily repetitivenitrg and compared the

results with those by conventional physical thezgaFigure 2.3).
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(a) (b) (c)
Figure 2.2. Conventional hemiplegic rehabilitatiga) Physical therapy, (b)
Occupational therapy, (c) Elecrotherapy

Figure 2.3. Robot-assisted hemiplegic rehabilitatiGA) Robot arm (MIT-
MANUS) [31], (B) Mirror-image motion enabler (MIMERB2], (C) Assisted
Rehabilitation and Measurement Guide (Arm guid@),[8D) Robot-mediated
therapy (RMT) [34].
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2.2.1. Motor Task-Specific Training

A few studies have tested the effect of task-spetidining on motor
performance and brain function in chronic strokégmas. Carey et al. [35],
using a randomized cross-over design, intensivaiped stroke patients with
mild to moderate impairment to track waveforms wilteir paretic index
finger. After the training period, and not aftercantrol period of equal
duration, patients exhibited the improved trackiagcuracy as well as
improved hand function of grasp and release. Thastor gains were
associated with a shift in the laterality of activa in sensorimotor cortex
(primary motor cortex, primary somatosensory cqrfgemotor cortex) from
largely contralesional to largely ipsilesional, et#ed by fMRI in the paretic
index finger tracking. Normal control subjects wheceived the same
intensive training did not improve in tracking acaty nor exhibit a change in
the predominantly contralateral sensorimotor corséetivation. In healthy
adults, increasing the amplitude [36] and frequdB&Yy of finger movements,
has been shown to increase activation in contralasensorimotor cortex.
Therefore, better matching of waveform amplitude érequency may have
contributed to the increased activation in ipsdesi (contralateral)
sensorimotor cortex observed after training ingudat. Nonetheless, this study
suggests that motor gains produced by task-spe@fabilitation in chronic
stroke patients are associated with normalizatibnsensorimotor cortex
laterality. Muellbacher et al. [38] examined théeef of a novel strategy for
improving paretic hand motor function in chronico&e patients. Task-
specific motor practice was coupled with the motiokaof ipsilesional motor
cortex excitability. Previous studies in healthylsl have suggested that there
is a competitive interaction between neuronal regméations of the hand and

upper arm in contralateral sensorimotor cortex.[28cordingly, Muellbacher
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et al. [38] hypothesized that motor function of tparetic hand in stroke
patients would be improved if the ipsilesional semeotor cortex
representation of the paretic upper arm is inhihiteus increasing neuronal
activity of the paretic hand representation. Tad tes hypothesis, the paretic
upper arm was transiently anesthetized so thakitslost tactile sensation and
its muscles lost strength. Under regional anesthesi unanesthetized, the
paretic hand practiced a thumb-to-index-finger pirggip. They found that
paretic hand pinch strength and acceleration isectafter the practice, more
so under anesthesia than unanesthetized. Furtiergdins in paretic hand
pinch strength under anesthesia were correlated thié increases in the
amplitude of MEP recorded from the paretic handrMS to the ipsilesional
motor cortex. The anesthesia-induced gains in piiocbe were retained 2
weeks later. These findings suggest that the eiliftaof the representation of
the paretic hand in ipsilesional motor cortex ieeted by the sensorimotor
status of body parts that neighbor the hand, aerklly the efficacy of motor
training of a paretic hand.

2.2.2. Task-Oriented Training

The functional gains produced in stroke patientsth®y task-oriented
training, like those produced by neurofacilitatimpproaches and task-specific
training, may be due to the reestablishing conexérted by ipsilesional
sensorimotor cortex. Liepert et al. [39] examinkd &ffects on dexterity and
motor cortex function of a single task-orientedsgas focused on improving
dexterity of the mildly to moderately paretic handgatients early (4—8 weeks)
after stroke. Using TMS, they observed that protraining, the size of the
representation in contralateral motor cortex wasalEnfor the paretic hand

than the unaffected hand. Just after training, nobghe patients (seven of
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nine) exhibited improved dexterity. Parallelingstimotor gain, the size of the
representation in contralateral motor cortex of fagetic hand enlarged,
whereas that of the unaffected hand was unchamgsther the behavioral nor
the contralateral (ipsilesional) motor cortex changas retained 1 day after
training.

Functional neuroimaging studies suggest that thectional gains
produced in stroke patients by task-oriented tr@gnare associated with
increased activity in ipsilesional primary sensaior cortex and
redistribution of activity in several areas of gensorimotor network. Nelles et
al. [40] compared the motor outcome of subacuteersdy impaired stroke
patients after random assignment to 3 weeks ohgite task-oriented training
directed at improving affected upper limb functionstandard rehabilitation.
Patients in their study showed better motor regoivethe affected upper limb,
compared with the control patients. Further, aftesrapy the experimental
patients exhibited greater increases in activationipsilesional primary
sensorimotor cortex and secondary sensorimotoiicesrt(bilateral inferior
parietal cortex, bilateral premotor cortex), as suead by PET during passive
movement of the affected elbow, relative to the tamnpatients. Normal
control subjects did not exhibit changes in braitivation when scanned twice
over the same time period. Jang et al. [41] pravidehome-based, task-
oriented program which was designed to improve ftivetion of affected
upper limb in chronic stroke patients. After traigi the paretic hand of
patients showed greater gains in dexterity and girgngth than the unaffected
hand. In parallel, their fMRI studies showed tha taterality of activation in
primary sensorimotor cortex, and in some casesnscy motor areas
(premotor cortex, supplementary motor area), shiftem largely ipsilateral
(contralesional) to largely contralateral (ipsitesal) during paretic finger

movement, yet was stably contralateral during wtaéid hand movement.
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2.2.3. Constraint-Induced Movement Therapy

Constraint-induced movement therapy is a task-tetempproach that
has gained much attention in the rehabilitation mamity because of
significant functional gains of the paretic upperd of chronic stroke patients
[42, 43]. The therapy combines intensive practiseng the affected upper
limb to achieve functional goals with restricteceusf the unaffected upper
limb (usually by means of wearing a sling) to pravats habitual
compensatory use. This combination of strategies been believed to be
necessary to overcome the learned-nonuse thatapesvedrly after stroke from
repeated failed attempts to use the affected ulppér[44]. After constraint-
induced movement therapy applied to patients witll t®o moderate motor
impairment, the most marked behavioral gain has lieeelf-reported use of
the affected upper limb in activities-of-daily-Ihg; less marked gains in motor
control parameters have also been found [42-44jei@é studies have applied
human brain mapping technologies in an attempet@al changes in brain
function that underlie the efficacy of constrainthiced movement therapy.
Results of these studies have variously suggestashges in activity in
ipsilesional sensorimotor cortex, contralesionataneortex, and perilesional
cortex, as related to the therapy-induced gaimaotor function. TMS studies
suggest that the normalization of activity in ipsibnal motor cortex underlies
functional gains in stroke patients after constraiduced movement therapy.
Liepert et al. [39] found that before therapy, Hize of the representation in
contralateral motor cortex was smaller for the partgand than the unaffected
hand. After therapy, when functional use of theeparupper limb had
improved, the size of the paretic hand represamtatn contralateral motor
cortex was enlarged, whereas that of the unaffeletadl was not chhanged,

representing a return to the normal balance of tabitity of the two

-20 -



hemispheres. Wittenberg et al. [45] found that olrestroke patients who
received constraint-induced movement therapy showeshter gains in
function of the paretic upper limb than patientsowleceived a less intense
control therapy. TMS revealed a trend toward ameased ratio in the size of
the contralateral motor cortex representation efgaretic hand relative to the
unaffected hand in the experimental patients aspeoed to the control
patients. Wittenberg et al. [45] performed PET saag as well as TMS on the
patients. PET showed that activation in contrast@rimary sensorimotor
cortex before constraint-induced movement therapgy greater during paretic
hand movement than during hand movement of normakral subjects.
Experimental patients after therapy exhibited greatlecreases in the
activation in contralateral primary sensorimotorter during paretic hand
movement, compared to the control patients, towthaed level observed in
normal control subjects. In parallel, the TMS andTPresults may appear
paradoxical, yet might reflect differences in thieygiologic basis of these
brain mapping methods. Therapy to improve paratib lfunction effectively
might lower the firing threshold of neurons in ipsional motor cortex,
resulting in MEP elicited from a larger corticalrrit®ory. A lower firing
threshold might also translate into more efficiearuitment of neurons during
performance of the prescribed motor task during,REJulting in less increase
in regional cerebral blood flow. A role of ipsilesial secondary sensorimotor
cortices in mediating the efficacy of constraindticed movement therapy in
chronic stroke patients is suggested by Johansem-&eal. [46]. They found
that a home-based program of constraint-inducedemewt therapy yielded
greater strength gains of the paretic hand, condp@ar¢he unaffected hand of
patients. Further, the gains in paretic handgriength were positively
correlated with increased activation in ipsilesiomaemotor cortex and

secondary somatosensory cortex, as measured by 8dfig paretic hand
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movement. This result is particularly appealingsase of the graded nature of
the observed relationship between motor functiom @ctivation increases on
the paretic hand. Other brain mapping studies sigdgleat increased
recruitment of contralesional sensorimotor corticesy be involved in the
efficacy of constraint-induced movement therapying&£EG, Kopp et al. [47]
found that the source location of cortical potdstiassociated with paretic
hand movement shifted anteriorly within the ipsdesl hemisphere
immediately after therapy, and into the contraleaichemisphere 3 months
later. In contrast, the source location associatild the unaffected hand was
unchanged over time. These authors suggestedhtbadelayed source shift
into the contralesional hemisphere may reflect tieenisphere’s increased
contribution on the control of paretic upper limlbwvement in association with
progressively greater use of the limb in the ddilyan fMRI study, Levy et al.
[48] evaluated two stroke patients before and aftenstraint-induced
movement therapy. Motor gains exhibited by one ludsé patients were
accompanied by the increased activation in both ismmeres, more
contralesionally than ipsilesionally, during paceiand movement. However,
since activation patterns associated with the ecté¢tli hand over time were
not reported, it is difficult to draw conclusion®iin this finding. In another
fMRI study, Schaechter et al. [49] found that mogains exhibited by the
paretic upper limb after therapy were associatatl witrend toward a shift in
the laterality of activation in motor cortex (prilgamotor cortex, premotor
cortex, supplementary motor area) toward the ctasi@nal hemisphere
during paretic hand movements. Motor gains andrdatg shift associated
with the paretic upper limb were retained 6 monter. In contrast, the
laterality of motor cortex activation associatedhwihe unaffected hand of
patients was unchanged over time. Cumulativelysdhstudies raise the

possibility that in chronic stroke patients, mogains of paretic limb produced
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by constraint-induced movement therapy may be nhedlidy shifting the
balance of activity toward sensorimotor cortices the contralesional
hemisphere. Decreased use of the unaffected limingleonstraint-induced
movement therapy may contribute to a relative iaseen the representation of
the paretic limb in contralesional sensorimotortices. Increased fMRI
activation in perilesional cortex has been alsoorea in some cases after
constraint-induced movement therapy. In the Levyalet[48] fMRI study
mentioned above, the increased ipsilesional aaivabbserved in the two
patients after therapy bordered their respectiwote Similarly, Johansen-
Berg et al. [46] found that the increased activatio ipsilesional secondary
somatosensory cortex detected after therapy batdbeelesion in two of the
seven patients. Previous fMRI studies in chronimiparetic patients who
recovered to varying degrees have also occasionatld increased activation
in perilesional cortex during affected hand movenié0, 51]. It is possible
that integration of this tissue into the sensormnatetwork controlling paretic
hand movement is a mechanism supporting the maorsgpromoted by
efficacious rehabilitation. It is noteworthy thdtese brain mapping studies
provide no consensus of the neural mechanisms lymdgithe efficacy of
rehabilitation, even when applying a single thetdijoeapproach—constraint-
induced movement therapy. This may be due to sefemtrs. One factor is
that different technologies are sensitive to dédfér neurophysiologic
phenomena, as raised in regard to the Wittenbead) 5] TMS-PET study.
TMS is sensitive to the excitability of motor cottélhis is not equivalent to
the neurovascular sensitivity of functional neuragimg methods. While both
technologies provide insight into the neural effa@dt rehabilitation, the
neurophysiologic relationship between findings base these technologies is
currently unclear. Another factor may be that theural and behavioral

sensorimotor status of a patient prior to theraggisposes a particular neural
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mechanism to mediate recovery induced by therapy.dxample, therapy-
induced brain plasticity may be influenced by clemgn the sensorimotor
network that occurred during spontaneous recoay,the degree of damage
to the ipsilesional motor cortex and its corticogpitract. Accordingly, among
a group of study patients, the detected changedm lactivity after therapy
may reflect the dominant neural and behavioral se@m®tor characteristics

among the patients prior to therapy.

2.2.4. Bilateral Movement Rehabilitation with Chronic Stroke

The study of interlimb coordination in healthy aduhas provided an
important window into the psychological and neuredchanisms involved in
the control of action. Of particular interest haveen the interactions that
occur between effectors when they move concurrerlykey principle
emerging from this research is the universal teagldor synchronization
among effectors. In a wide variety of bimanual comation tasks, strong
temporal and spatial interactions between the hdralse been observed
including: (a) a tendency toward frequency and ehlasking between the
limbs; (b) amplitude coupling (i.e., a tendency &ow identical movement
amplitudes when different amplitudes are assigredhé two hands); (c)
direction coupling (i.e., a preference to move #féectors in the same
direction); (d) mutual accommodation or interferenbetween different
geometric forms (i.e., circle and line) drawn camently with each hand [52,
53]. These studies support the view that mirrorisgttical movements are a
classic coordination mode in the human repertdi4].[As Bernstein [55]
argued, evidence clearly indicates that both armescentrally linked as a
coordinative structure unit; upper extremities fim in a homologous

coupling of muscle groups on both sides of the body
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A question of particular importance, thereforewisether the apparent
default organization of the motor system toward ¢bapling of homologous
muscles can be exploited to promote functional vepoof a paretic limb in
stroke patients. In healthy adults, for examplerehs evidence to indicate that
performance of the non-dominant limb is enhance&rwin a symmetric
relationship with the dominant limb during bimangatle-tracing tasks [56].
For two movement disorders, spastic hemiparesis Rantinson’s disease,
enhancement of an impaired limb’s performance wd@mpled in-phase with
an unimpaired limb has been reported [57, 58].

With stroke, neural networks are depleted becatismaged neurons.
Bilateral symmetrical movements, therefore, mapvalthe activation of the
undamaged hemisphere to increase activation ofldheaged hemisphere and
facilitate movement control of the impaired limoproting neural plasticity.
The results from studies of bimanual coordinatioistroke patients, however,
have been mixed. Cunningham et al. [59] reportegravements in the
smoothness and velocity profiles of the involveanh during
bilateral training with an increased inertial Idad simple elbow movements.
Similarly, Rose and Winstein [60] found in a baltsmovement task that, for
5 of 11 patients, the impaired limb had a shortevement time when both
hands were moved simultaneously than when the task performed
unimanually. Other studies, however, rather thadifig facilitatory bimanual
coupling effects have observed the impaired sideterg a negative influence
on the unimpaired side degrading its performancadtch that of the impaired
limb, illustrating that the symmetry constraint ggea powerful influence even
when one of the limbs is severely impaired [61,.6Rhactors such as
differences in task complexity and level of impaamh of participants across
studies may account for the lack of consistencyraaults. Furthermore,

compensation for loss of function is easier to ewedi during simple

-25-



coordination tasks than complex tasks involving ¢berdination of multiple
degrees of freedom [63].

Consistent with this view are strong facilitatioffeets evident on
simple wrist extension movements of the impaireabliwhen the intact limb
is moved simultaneously in studies using electragrgphy-triggered (EMG)
neuromuscular stimulation [64]. In stududy, chrostioke subjects completed
360 wrist/finger extension movements under one wb trehabilitation
protocols: (a) unilateral movements of the impairichb with active
neuromuscular stimulation assistance or (b) cougiddteral movements
(wrist/finger extension on both arms and assistiegve stimulation on the
impaired arm). Across 6 h of training over 4 daysingy a 2-week period, the
chronic stroke subjects in the coupled bilateralvemoent group displayed
improved motor functions in a pretest—posttest giesindeed, the motor
improvements of the bilateral group were bettemtliiae improved motor
functions of the unilateral group. Higher Box anbbdk test scores, shorter
premotor and motor reaction times, and reducedm@atn square error during
a sustained contraction task indicated improvedomecaipabilities. Moreover,
the EMG activation patterns displayed in the imga@idimb during wrist
extension distinctly favored the coupled protoaplsup [64].

Further evidence of therapeutic effects from inugdvthe undamaged
hemisphere in the recovery process of the impaimeth has come from
studies of the after-effects of bilateral trainimggimes on unimanual
performance. Mudie and Matyas [65] examined thectiffeness of ailateral
isokinematic training intervention (BIT), involvirthe practice of synchronous
bilateral actions, in three experimental studiesgicontrolled single-case
multiple baseline designs. BIT lasted for 30—4G&es over 6—8 weeks. Each
experiment involved a baseline phase involving ataral practice of three

tasks (block placement, simulated drinking, and pageting) with the
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impaired arm followed by an intervention phase whéhe tasks were
performed simultaneously with both arms. The détmterest were unilateral
test trials of each experimental task performeth@teginning of each session
by patients with their hemiplegic limb. Neitherkaspecific unilateral practice
with the hemiplegic limb nor practice with the umiaired limb guiding the
hemiplegic limb during the baseline phase signifita improved task
performance. However, the introduction of BIT proéd significant and rapid
improvements in the kinematic patterns of unildteh@miplegic limb
performance. The gains observed during therapy wmaiatained at a 6-month
follow-up indicating some permanent reorganizatmnthe motor system.
Across the three studies involving 12 stroke p#iesignificant effects with
BIT were found in 35 of the 40 individual time =i

Additionally, bilateral training effects have beelserved in a between-
subjects design comparing unilateral and bilateredrvention groups [66].
Twelve chronic stroke patients were randomly assigno a six-session
intervention involving the performance of a taskalving the placement of a
wooden dowel(s) on a shelf (50 trials per sessgither with the impaired arm
or with the two arms moving simultaneously. Pagengéceiving bilateral
training showed both a significant decrease in timeomplete the movement
and an increase in the pretest to posttest furaltaility of the impaired limb.
In contrast, patients receiving unilateral trainstgpwed no improvement in
movement kinematics or functional ability measures.

Further, positive training effects have been reggbrin studies using
variations of the bilateral movement protocol. L@t al. [67] tested a
repetitive bilateral arm training task with rhytlevauditory cuing (BATRAC)
(Figure 2.4) in which patients grasped two independchandles and made
metronome paced repetitive pushing/pulling movesyeim synchrony or

alternation, simultaneously with the two arms.
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Figure 2.4. Bilateral arm training with rhythmicdiory cueing (BATRAC).

The intervention consisted of four 5-minute periofibilateral training
on each of 18 training sessions over a 6-week gefloventy-one chronic
stroke patients (median 50 months post-stroke) waardomly assigned to (a)
a BATRAC group (n=9) or (b) a control group (n=12yvolving
neurodevelopment based dose-matched therapeuticisese The bilateral
rhythmic cuing group showed significant increases activation of the
precentral and postcentral gyri as well as the badhem. Moreover, when
three BATRAC subjects who did not show any fMRI npes were removed,
functional motor performance of the hemiplegic uplseb improved more
than the control therapeutic exercise group. THiesings are consistent with
an earlier BATRAC study conducted by Whitall et [@8]. The earlier study
reported that 13 out of 14 chronic stroke patietgsonstrated significant
gains in functional motor performance of the heegat upper limb that was
sustained at an 8-week follow-up. In another variah bilateral training,
Stinear and Byblow [69] recently reported positigects using a novel
active—passive bimanual movement therapy in whighitpaired wrist was
moved passively through flexion and extension biyvacflexion—extension

movements of the unimpaired hand to produce eitbyrchronous or
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asynchronous patterns. After 60 min of active—pasbimanual therapy per
day over a 4-week period, five of nine acute andomic stroke patients
showed improved upper limb motricity.

Although significant bilateral training effects lealzeen observed across
a variety of testing protocols, Mudie and MatyaS][tiled to find enhanced
unilateral performance following one session oateital practice in a group of
acute (n=15) and chronic (n=15) stroke patientshwiense hemiplegia.
Furthermore, a recent study by Lewis and Byblow] [62vealed limited
improvement in motor function following a bilateratervention. In a multiple
baseline design similar to that used by Mudie aratyiss [66], Six stroke
individuals across the three phases of recovemtéasubacute, and chronic)
practiced three upper limb tasks each session aveweek period for a total
of 20 sessions. Both behavioral and neurophysictbgmeasures of post-
training performance showed large between-subjentation with little
evidence of overall beneficial effects of bilatetadining. The small sample
size and large diversity between participants siole location, degree of initial
impairment, and time since stroke onset, howevas;, have contributed to the

lack of significant effects.

2.2.4.1. Neural Mechanisms Underlying Bilateral Coupling

A basic assumption of the use of bilateral moventbetapy is that
symmetrical bilateral movements activate similauraé networks in both
hemispheres when homologous muscle groups are taimeolusly activated
[71, 72]. When thaupper extremity is used unilaterally there is intdn of
the ipsilateral hemisphere, and the interhemisphehibition is specifically
directed to prevent mirror movements by the opposipper limb [73].

However, during symmetrical bilateral tasks botimtspheres are activated
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and intracortical inhibition is reduced [69]. Inded¢he primary sensory and
motor cortices are organized symmetrically, esplgdiar hand control, in the
left and right hemispheres [74].

In unilateral cortical stroke, severe damage maylifmaranscallosal
inhibition resulting in hyperexcitability of the affected motor cortex [75].
Whether the increased excitability of the intactmigphere represents a
compensatory mechanism involved in motor recovarysmurious activity
unrelated to recovery is a matter of consideraldbate [76]. However, a
consequence of the overactivation is that the tesichemisphere may receive
abnormally strong interhemispheric inhibition frahe intact hemisphere [77].
Support for this view comes from the recent findihgt anesthetizing the
healthy hand of chronic stroke patients, therebwsimy reducing the
abnormal level of inhibition to the affected hentispe, improved the motor
performance of the paretic hand [78]. Given thegssgon that balanced
interhemispheric interactions are necessary fomabwoluntary movements
[79], perhaps practicing bilateral symmetrical mmesats serves to normalize
transcallosal inhibitory influences and facilitatee motor output from the
damaged hemisphere.

Researchers have suggested that there may bela c@mgral regulatory
mechanism controlling both limbs in the bilater&liation [80]. In particular,
as the supplementary motor area (SMA) in each t@rare projects to the
ipsilateral primary cortex and to a lesser extenh@amologous muscles in the
contralateral primary motor cortex, Goldberg [8Xpmosed that an intact
SMA might act alone in executing bilateral movenserithus, when the two
arms work together in such a fashion, the armgaoedinated as a unit [82].
Recent imaging studies, while confirming the roteh® SMA in the higher-
order control of bilateral limb movements, revelahtt there is widespread

activation within a large distributed neural netWwassociated with bimanual
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movements. In addition to the SMA and sensorimatatex, the cingulate
motor cortex, lateral premotor cortex, superiorngtat cortex, and cerebellum

have been shown to be specifically involved in i coordination [83].

2.2.4.2. Neural Crosstalk

A common assumption among most models of bimam@idination is
that facilitation and interference effects emergeduse of interhemispheric
crosstalk. There are at least two levels of th@raenervous system at which
neural crosstalk can occur [84] (Figure. 2.5).

High-level crosstalk is the result of transfer bsact movement parameters
between the cortical hemispheres via callosal ooiores. The SMA and
premotor cortices have dense interhemispheric atioms via the anterior
portion of the corpus callosum and the parietaltices via the posterior
portion [85]. There is growing evidence that thepes callosum is particularly
involved in the spatial coupling between the lim@allosotomy patients do
not exhibit the spatial interference evident in tcoinsubjects when asked to
draw two different shapes simultaneously (e.g.irdecand a line) with the
two hands [86]. Nevertheless, these patients davstemmporal coupling
between the hands suggesting that temporal paresm&tenovement may be
controlled by subcortical neural circuitry.

Recent patient and fMRI evidence reveals that salloconnections,
particularly posterior parietal fibers may play @mportant role in the
directional coding of movement [72]. Many corticaleurons in each

hemisphere are tuned to the direction of movemedii@cal inhibition
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Figure 2.5. Movement intention model displaying tlggels of crosstalk: (a)

high level interactions between the left and rigiattor cortices via the corpus
callosum; (b) low level subcortical interaction$elneural average signal for
each arm is a consequence of the multiple intenactevels, and these
interactions may cause the final efferent outputsbé more similar than

originally planned.

processes are necessary to prevent mutual asgomifadbm interhemispheric
crosstalk when incompatible movement directions aeguired [87].

Furthermore, some cortical neurons hawen identified that specifically
respond to simultaneous movements of the two aamd, these bimanually
sensitive neurons appear to be directionally sjpel@8]. Interestingly, there is
some evidence to suggest that the left hemisphleses @ dominant role in

organization of mirror-symmetrical movements, wiasréhe right hemisphere
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specializes in organization of non-mirror movemethmi®ugh inhibition, via
the corpus callosum, of the homologous musclecoggindency [72]. Thus,
a reasonable assumption is that when mirror-synicaétmovements are
performed, as in bilateral training, identical mowent parameters are
specified for the two arms and reinforcement octlursugh neural crosstalk.
Secondly, neural crosstalk can occur during thewi@n of movements
that is downstream from the specification of alitraovement parameters.
Although in most mammals the majority of corticosgi axons cross to the
contralateral side at the level of the medullarsapyids, approximately 10% of
the fibers remain uncrossed and project to theldesttremities in the ventral
corticospinal tract [89]. While the role of ipsiaal pathways in the control of
movement is a matter of some debate [90], they Hmean implicated in
congenital mirror movements [91], cortical plagtidollowing injury [92], the
recovery of motor function after stroke [93], anetveen-hand interference
and facilitation during bimanual coordination inalty subjects [94]. For
example, Cattaert et al. [9%jere able to simulate performance on a bimanual
circledrawingtask by a model of neural crosstalk in which sdraetion of the
motor command sent to the contralateral limb ipalished as a mirror image
to the homologous muscles of the ipsilateral linithe model assumed
predominating coupling influences from the domin&mtthe non-dominant
limb. Accordingly, when bilateral symmetrical movents are performed,
input to ipsilateral and contralateral pathways @mesistent in reinforcing the
coupling between the limbs. In stroke patientsatbilal symmetrical practice
may exploit these coupling influences allowing ewsed use of spared

ipsilateral projections in the recovery process.
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2.2.4.3. Corticopropriospinal System

Some recent evidence suggests that neural plgstalowing stroke
may also involve a corticopropriospinal system ¢siivgg of premotorneurons
that relay part of the descending motor commangpfeer limb motor neurons.
Stinear and Byblow [g9have reported an upregulation of the propriospinal
system in the impaired limb of chronic stroke patie In addition, Mazevet et
al. [96] found that a relatively greater componenthe descending command
to upper limb muscles transmitted through the pogpinal relay in
recovering stroke patients was evident in the ingablimb compared with the
intact limb. The authors suggest that the upregudatof descending
commands may reflect the unmasking and/or reorg#oiz of bilateral
reticulospinal projections onto propriospinal newgo It is possible that
bilateral training promotes the increased involvetneof spared

corticopropriospinal pathways in the recovery pesce

2.2.4.4. Sensory Feedback Contributions

Within the field of motor control, recent reseatthis emphasized the
importance of afferent information in interlimb edmation[97]. Further,
given that a key process in recovery of motor fiorctafter stroke is
interhemispheric sensorimotor integration, thersypeomoting active use of
sensory feedback may be particularly effective [9Dpnsistent with this
hypothesis are the positive therapeutic effectdemtiwhen external cues, such
as rhythmic auditory stimuli, are used as an adjuacpace movements of
patients [98] and when active neuromuscular stitrarais coupled with
bilateral movement training [99]. In the latterantention, the active (EMG-

triggered) neuromuscular stimulation requires @rgatients to voluntarily
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contract a group of muscles in the impaired arm levisimultaneously

executing mirror-symmetrical movements with theattarm.

Coupling active stimulation with bilateral symme#i movements increases
the likelihood that sufficient efferent and afferesignals will be generated in
the impaired arm. This is important because thes@gninformation (i.e.,

proprioceptive feedback) returning to the somatsesgnarea may assist in
establishing voluntary movement control associatiomith the adjacent

primary motor cortex [100].

Further support for the use of augmented feedbatkinva bilateral
training program comes from action/perception sisidAltschuler et al. [101]
had chronic stroke patients move both hands/arrmm&frically while
looking at a mirror reflection of the moving unimga limb and found
improved motor functions of the hemiplegic limb.iFfinding suggests that
functional recovery can be facilitated by visuaiybstituting for impoverished
proprioceptive input from the paretic limb [102]h& action and perception
involved in executing voluntary movements activates neural mechanisms
in the association areas of the cerebral corter, these association areas
integrate sensory and motor functions [103]. Strglaients performing
bilateral movements while watching their intactbimmove in a mirror appears
to activate a link between action and perceptiowels as related association
areas. Support for the view that mirror therapy n@aypduce cortical
facilitation comes from a recent study showing thathealthy adults the
excitability of the motor cortex ipsilateral to ailateral hand movement was

facilitated by viewing a mirror reflection of theaving hand [104].

2.2.4.5. Bilateral Therapy-Induced Neural Reorganization

Clearly, there are abundant neurophysiological mesms through
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which bilateral movements may facilitate stroke atahtation. The
considerable amount of redundancy in the centrabous system permits
neural plasticity post-stroke. The limited numbefr siudies examining
neurophysiological changes associated with actiyendent interventions in
chronic stroke patients, however, has not produmatsistent findings with
regard to the neural mechanisms underlying thenaghyeed plasticity. For
example, some studies examining cortical plastiaftgr constrained-induced
movement therapy indicate changes primarily inafiected hemisphere [46],
whereas other studies suggest that increased treenti ofthe contralesional
cortex in the control of the paretic limbay underlie the therapy effect [47,
105]. Similarly, three recent TMS studigayolving small sample sizes, of
neurophysiological changedollowing bilateral training have produced
inconsistentfindings. Lewis and Byblow [62failed to find anyconsistent
changes to motor cortex excitability in two (omeute, one chronic) patients
following a bilateral training intervention. In civast, Summers et al. [66]
found that for two of the three chronic stroke g@ats on whom TMS mapping
was possible, significant improvements in ratinfshe functional ability of
the affected upper limb following six sessions ofateral training were
accompanied by large increases in the corticonrefmesentation of the target
muscle in the affected hemisphere. Enhanced upmarnaotricity in five
patients following an active—passive bilateralrhag intervention, however,
was accompanied by a decrease in cortical exdttabil the unaffected
hemisphere [69]. More studies of the neurophysickigchanges associated
with bilateral movement training are clearly neededidentify the exact
therapeutic conditions that mediate functional matecovery post-stroke.
Furthermore, recent research showing that non-imeasortical stimulation
combined with movement practice may enhance cortiearal plasticity

suggests a promising new direction for neurorefiabdn research [106, 107].
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3. Experimental Setups & Hypotheses

In this study, we determined the effect of bilateral symmetric motion
trainer on the upper-limb motor recovery in chroh@niparetic patients after
the 6-week training program. For this study, weglesd a bilateral symmetric
arm trainer system as the training device and waleappropriate patients
group. To maximize the training effects, we desiae appropriate training
protocol. Finally, we established on the hypothdbmt “repetitive bilateral
training improves motor function in hemipareticoke patients”. This chapter
describes the experimental setup in this studys Thiapter consists of four
parts: ‘3.1. Bilateral Symmetric Arm Trainer (BSAT)ntroduces the
compositions, principles and characteristics of tesigned BSAT. ‘3.2.
Subjects’ describes clinical characteristics andlusion criteria of eight
chronic stroke patients for this study. ‘3.3. TraghProgram’ introduces the
protocol of 6-weeks training program in this stu@y4. Hypotheses’ describes

the hypothesis of the effect on motor functionratite 6-week training.

3.1. Bilateral Symmetric Arm Trainer (BSAT)

Subjects were seated in a chair in front of a heaglustable table, with
their forearms in the mid-position between promatamd supination into an
arm trough. Each hand of each subject grasped dléhdhat was 3cm in
diameter and was tapered at the top for ease uitimg into the paretic hand.
The hand was held in place by a 6cm Velcro straph Bandles of the training
system were connected to two serial spur gears.syheem provides both
handles with symmetrical motions such as forearongtion/supination or

wrist flexion/extension. Therefore, the affecteddesican be passively
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controlled with the symmetrical movement accordinghe active motion of

the unaffected side (Figure 3.1).

Figure 3.1Bilateral symmetric arm trainer (BSAT): (a) wrigtXion/extension,
(b) forearm pronation/supination.
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3.2. Subjects

Eight hemiparetic patients (5 males and 3 femabes)icipated in an
open clinical study approved by written consentlusion criteria were first
hemorrhagic stroke with an interval of at leastr@0nths poststroke; severe
upper-arm paresis, that is, the patients could @nlytract their paretic
shoulder girdle, hold their extended arm while dyior flex, and extend their
elbow slightly; at least moderate upper-limb flespasticity or joint stiffness
on the affected side (modified Ashworth’s scale: 848, Grade 0 = no clearly,
Grade 1 = barely discernible repetitive movemennorease tone, Grade 2 =
either a slight but unsustained repetitive movenwna stronger but briefer
repetitive movement, Grade 3 = a strong and susfaiapetitive movement,
Grade 4 = a movement equal to that expected ahteeded hand); mild or no
impairment of sensation of the affected upper exitye tested for touch, pain
as prothopatic and position sense, and dermolexigpecrutic modalities; no
additional peripheral paresis of the both uppemresmities; no additional
orthopedic disease (eg. Arthritis, arthrosis) othbaoipper extremities; no
neurolytic of spasticity 3 months before of duritige study; no severe
impairment of cognition and communication (patiehizd to be able to
understand the purpose of the study); no involvedother upper-limb
rehabilitation in hospital or home now.

Six right-handed healthy male subjects (age: 34abge 24~38 years)
without any history of neurological or psychiatdisease participated in this
study as a control group. Stroke patients werenaage of 43.9+11.0years
(range 33~67 years). The mean stroke interval wds idonths (range 24~142
months). Five subjects had right hemiparesis anekthad left hemiparesis.
All patients participated in a comprehensive imgratirehabilitation program

of at 6 week training. Characteristics of eightgras are listed in Table 3.1.
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Table 3.1. Demographics and pathology of 8 patiefitts stroke.

. Time of
Patient Aé%exl Lesson type Pﬁ;ﬁgc stroke
(months)
1/KSH 44/M ICH in right BG, TH Lt. 38
2/MCH 37/M ICH in right BG, TH Lt. 58
3/YBJ 49/M ICH in left BG, IC Rt. 24
4/3YJ 33/M ICH in left TH, IC Rt. 58
5/KDH 67/M ICH in left TH, IC Rt. 142
6/CJS 57/F ICH in right BG,TH Rt. 72
7IKYS 48/F ICH inright TH, IC Lt. 120
8/KYH 36/F ICH in left BG, TH Rt. 28

ICH = Intracerebral hemorrhage, BG = basal gandild, = thalamus, IC =
internal capsule.

3.3. Training Program

Each training with BSAT takes at his/her horaed was performed 5
times per week during 6 weeks (30 sessions). I sassion, patients were
seated comfortably at a table with a custom-desidnkateral symmetric arm
trainer in the following limb poison: ankle in neait dorsiflexion, knee and
hip placed at 99 shoulders in 30flexion, elbows in 30, and wrist in neural
position of flexion/extension. The apparatus cdssi$ 2 independent handles
that move symmetrically. Each patient grasps thelles or the affected hand
is strapped to the handle depending on the sevefithe deficits. Patients
trained both forearm pronation/supination or wfiskion/extension each 30
minutes, respectively. The whole training programsisted of four 15 minute
session with BSAT and 10 minute rest was givenvaryesession. Periods
consisted of bilateral repetitive movements thatene@multaneous for 1 and 3
and alternating for period 2 and 4. Movements wiened to a metronome set

at the participant’s preferred speed that was bshedal at the first session by
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asking patients to assume a self-selected spee@dS| and the other session
was slow speed (Speed 2). Table 3.2 shows thdngaprogram design for
this study.

Table 3.2. The training program design for thigigtu

Wrist 15 M- 10 min. 15 min. 10 min.
flexion/extension ~ SXCETEISE gt excercise rest
(speeq 1) (speed. 2)
Forearm 15 M- 10 min. 15 min. 10 min.
(pronation/supination) EXCETCISe  rest excercise rest
P P (speed 1) (speed 2)

3.4. Hypotheses

We made several hypotheses that repetitive bilatexaming improves
motor function in hemiparetic stroke. These hyps#isewere suggested as

follows:

1) By the 6 week training with the BSAT, the atlsd arm motor function
as assessed by Fugl-Meyer (FM) and manual musste(MMT) (eg.
post-stroke motor recovery test) would improve.

2) By the 6 week training with the BSAT, the dpaty of affected, wrist
and forearm, assessed by modified Ashworth’s s@sllaS), would

decrease.
3) By the 6 week training with the BSAT, the reac time of affected

wrist flexor and extensors, measured by surface EAM@®vity, would

decrease.

-51-



4)

5)

By the 6 week training with the BSAT, the cibaation pattern between
affected wrist flexor and extensors, measured bfaset EMG activity,

would decrease.

By the 6 week training with the BSAT, the aat map of contralateral
somatosensory area (primary sensory-motor corté®C)S premotor
cortex (PMC), supplementary motor area (SMA) andoso during
affected limb movements, measured by fMRI, wouldrgie. In addition,
fractional anisotropy (FA) of diffusion tensor imag (DTI) would

change.
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4. Evaluation on Motor Recovery: Clinical Assessments

4.1. Introduction

Clinical evaluations have been used extensivelyqo@antify motor
recovery. They are ease to perform, inexpensiveé,can be conducted usually
in a short time. More importantly, the examiner caocount for the
confounding influencing factors that affect thetetaf spasticity at any given
moment.

Lum et al. [1] presented robot-assisted mirror ieagovement
exercises in the daily repetitive training and caneg results with those by the
conventional physical therapies. They reported thator image movement
exercises improve strength and reaching kinematiche arm of chronic
hemiparetic subjects for a 2-month period. Fadoéle[2] also demonstrated
that the robotic therapy could complement othemattnent approaches in
persons with moderate to severe chronic impairméois measuring the
modified Ashworth scale (MAS), Fugl-Meyer assessm@&MA) and motor
status scale (MSS) scores of the upper extremjtyyBitall et al. [4] reported
that 6 weeks of bilateral exercises with a bildtexan trainer improved
functional motor performance of the affected uppdremity as well as small
changes in isometric strength and the range ofanoti

The purpose of this chapter was to determine thextedf the bilateral
symmetrical motion trainer (BSAT) on the clinicabtar impairment and the
physical disability, as measured by FMA, MAS, an@noal muscle test
(MMT) scores in chronic hemiparetic patients befarel after the 6-week

training.
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4.2. Background

4.2.1. Fugl-Meyer (FM) Scale

An alternative evaluation method based on Brunssajnalitative of
motor recovery was developed by Fugl-Meyer andeegilies [5]. The Fugl-
Meyer (FM) scale differs from that of Brunstromtirat it is qualitative and be
statistically analyzed for both research and clihigork. The evaluation based
on the recovery stages after the onset of the.idtus test requires the subject
to perform motor acts graduated in complexity agguires increasingly fine
neuromuscular control. The items assessed are entrsce, state of motor
recovery, movement pattern (synergy), movement dspemd prehension
pattern of the limb (see the Appendix A). A cumm@atnumerical scoring
system for measurement is sued to quantify thel lefvenotor recovery. The
FM scale uses an ordinal scoring system in whidhildis rated O (cannot be
performed), 1 (can be partly performed), or 2 (banperformed faultlessly).
Maximum scores rage from 0O (flaccidity) to 66 (natmmotor function) [5, 6].

The FM scale has been demonstrated to valid anablel(intra-and
intertester) in the assessment of motor functiorpeople with hemiplegia,
although not necessarily in those with spastititis easy to perform and takes
approximately 20 minutes to conduct. It is objeetiand accurate. More
important, Karz and coworkers showed that FM scaleelated well with

other clinical measures of spasticity (eg., thevdsth scale) [6, 7].

4.2.2. Modified Ashworth Scale (MAS)

Ashworth was the first to devise an objective nsedém assess the

severity of spasticity. The Ashworth scale involveanually moving a limb
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through the rage of motion to stretch specific neiggoups. The resistance
encountered during the passive muscle stretch ogardented on a five-point
ordinal scale from 0 to 4, with O representing nalrone, and 4 depicting
severe spasticity [8].

Bohannon and Smith [9] investigated the interratiability of a
modified version of the Ashworth scale. They tesetdow flexor muscle
spasticity in 30 patients with interacranial lesidihe original Ashworth scale

was modified because the lower end of the scalendiscrete (Table 4.1).

Table 4.1. Modified Ashworth scale for grading gpsg [9].

Grade Description
0 No increase in muscle tone
Slight increase in muscle tone, manifested by ehcahd release or by
1 minimal resistance at the end of the range of mattben the affected

part is moved in flexion of extension

Slight increase in muscle tone, manifested by ahcaollowed by
1+ minimal resistance throughout the reminder (lesthalf) of the
range of motion
More marked increase in muscle tone through moghefrange of
motion, but affected part easily moved
Considerable increase in muscle tone, passivement difficult
Affected part rigid in flexion or extension

AW

Bohannon and Smith’s research [9] showed that t&Mad a high
interrater reliability (86.7% agreement betweerengt Therefore, the MAS
has become the clinical testing protocol to whikimewer tests are compared.

A major difficulty with the Ashworth scale édother tests like it is that
with repeated testing, both and low scores withinoaerall rage of scores
cluster toward the mean. This tendency for scorgsate toward the mean is
termed ststistical regression. Statistical regoesdias been identified as a
major source of secondary variation or evaluati®].[ Therefore, the validity

of the evaluation decrease as the number of tilmegetst is given increases.
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Clinicians should be instructed to limit the admtmtion of these tests to as

few times as possible.

4.2.3. Manual Muscle Testing (MMT)

Early clinical tests of muscular strength involviée use of manual
resistance by the therapist. They have been caesidm useful diagnostic and
prognostic tool [11].

MMT is simple and essentially reflects anatomic didmechanical
principles. Thus, it is a measure of impairmenteathan function, and while
its use is most common for persons with disordérmuscles or peripheral
neural systems. It has been used for patients wetitral nervous system
problems, including brain injury [12].

Table 4.2 shows the grading system used in manustle testing.

Table 4.2. Grading system used in manual musdege8VIMT).

Grading Symbols Criteria for Muscle Grading

Normal 10 5 50  100% Can move or hold against gravity and
' ° maximum resistance

Good+ 9 4+ 45 80%

Good 8 4+ 40 Can raise part against gravity and an
: external resistance

Good- 7 4- 3.66

Fair+ 6 3+ 333 50%

Fair 5 3 3.0 Can raise part against gravity

Fair- 4 3- 266

Poor+ 3 2+ 233 20% . .

Poor > > 20 Plr_od_uc;esd movements  with  gravity

eliminate

Poor 1 2- 15

Trace T 1 1.0 5%  Aflicker or feeble contraction

Zero 0 0 0.0 0% No contraction

Fundamentals of MMT is the notion that the aheiseither individually
or as a group, has a specific action on a joinseBaon this premise and

utilizing the effects of gravity and manual resmsta provided by the therapist
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as external forces, a patient is positioned in saickiay that one muscle or
group muscles is primarily responsible for movingpat through a specific
range of motion (ROM). Grading of muscle strengtthien based on the arc of
movement produced by the muscle and amount of resdteesistance to the
motion. The muscle or tendon is palpated by theagiist to ensure that the
muscle of interest is contracting and no substitutof muscle activity is

responsible for the specific movement test.

4.3. Materialsand Methods

4.3.1. Data Assessment

A pretest and posttest consisted on the followtegs: (1) The Fugl-
Meyer upper-limb motor performance section test wakected because it
assesses impairments in sensorimotor function. t€stshas been shown to be
valid and reliable [13,14] and it correlates welithwinter-joint upper-limb
coordination measurements in the upper-limb ofepési after stroke [15]. (2)
We assessed elbow, wrist, and finger spasticith wie modified Ashworth
scale (MAS). With the patient prone, passive extensf the elbow, wrist,
and metacarpal finger joints were tested and rfated O to 5. (3) We assessed
the functional strength of shoulder, elbow, foreawnst, and finger with the
manual muscle test (MMT). It was based on a 5 pordinal scale grading
degree of independence.

During the 6-week training with the BSAT, FM, MA&Gnd MMT in
participated patients were measured every two wedksests were measured
by a physical therapist.
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4.3.2. Data Analysis

The initial analyses were one-wa&yest to compare measures on the
depedent reriables before and after training (ateéks of training). In FM
score, significant results were further investigapmst hoc (Tukey honestly
significant difference). Data of ordinal scales ev@resented as median and
interquartile ranges, any within group differende=fore and after training
were calculated within the help of nonparametrie Wilcoxon test. An alpha
level of <0.05 was used as the level of signifiean&ll statistical analyses
were performed by SPSS 10.0 (SPSS, Chicago, USA).

4.4. Results

4.4.1. Fugl-Meyer (FM) Score

Table 4.3 shows changes in motor function suchMsséore during
the 6-week training. In all eight patients, FM @an 0-66) of the affected
hands were significantly improved after the 6-wéaakning program (p<0.05)
(Figure 4.1). Post hoc analysis revealed that tferb-training score were

higher than after-training score (increase of 44Btgure 4.2).
4.4.2. Modified Ashworth Scale (MAS)

Table 4.4 represents change in clinical sadr&AS on the affected
upper-limb of eight chronic patients before anemaftaining. MAS scores of

the affected elbow, wrist, and finger joints desezh continuously. The

shoulder joint spasticity did not change considigtab
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Table 4.3.Changes in clinical score of FM on the affectedargpmb of 8
chronic hemiplegic patients before, 2, 4, and 6 kweef training with the
BSAT.

i FM
Patient 0-2-4-6 (week) dFM
1/KSH 25-29-33-34 9
2/MCH 35-49 -54 - 56 21
3/YBJ 20-25-27-32 12
413YJ 26-27-37-38 12
5/KDH 43 -44 - 46 - 49 6
6/CJS 15-17-21-22 7
7IKYS 18-18-25-28 10
8/KYH 23-23-27-33 10
Average 25.8 - 27.8 - 33.8 - 36.5 10.9
dFM = last FM score-initial FM score.
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Figure 4.1. Changes in clinical score of FM on #fiected upper-limb of 8
chronic hemiplegic patients.
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Figure 4.2. Median FM scores (range 0~66) of tHectdd upper-limb of 8
chronic hemiparetic subjects before and after 6kwed BSAT. Significant
differences exist between before-training and dfeaning (p<0.05).

Table 4.4. Changes in clinical score of MAS on dffected upper-limb of 8
chronic hemiplegic patients before, 2, 4, and 6 kseef training with the
BSAT.

Patient Shoulder Elbow Wrist Finger
Flex. Ext. Flex. Ext. Flex. Ext. Flex. Ext.
1%1° 0-0 11 0-0 11 1-1° 1%-1° 1%-1°

1/KSH 1010 oo-oO 1°1° 0-0 10-1° 1010 1010 1% 12
0-0 1°-1 0-0 11" 11" 0-0 0-0 1*-1

2MCH 55 1220 00 1%1°  1%1° 00 0-0  1%1°

3/VBJ 2020 0-0 2020 1*-1* 0-0 1*-1* 1010 2020
20-1* 0-0 11" 1*-1° 0-0 1010 1010 11"

413Y3 1010 0-0 11" 1*-1* 11" 1*-1* 117 2020
12-12 oo-oO 1*-1° 1010 1°-1° 1010 1010 1*-1°
1°1 101 1*-1* 1*-1* 1*-1* 1*-1* 1*-1* 1*-1*

5/KDH 1010 1°-1° 1*-1° 1010 1°1° 1*-1° 1010 101°

6/CIS 2020 0-0 2020 1*-1* 1°1° 1*-1* 1010 2020
22-22 0-0 11" 1010 1°-1° 1010 1010 1*-1°
1°1 0-0 0-0 11" 0-0 117 0-0 117

TRYS  joq0 g 00 1%1° 00 1%1° 00  1°1°
0-0 0-0 11" 0-0 0-0 171" 0-0 117

8KYH o 00 1-1° 00 00  1%1° 00  1%1°

Average 1.3-1.3 0.3-03 1818 15-15 1.3-1.3 1.8-1.6 0.9-09 2421

1.3-1.3 0.3-0.3 1.4-1.2 0.9-08 0.7-0.7 1.1-08 0.6-06 1.4-1.1
Flex.= flexion, Ext.= extension.
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4.4.3. Manual Muscle Testing (MMT)

Table 4.5 describes change in clinical score of MbfTthe affected
upper-limb of eight chronic patients before andemfiraining. The MMT
scores of the affected shoulder, elbow, wrist, fav@arm joints increased
continuously. The muscle strength of finger jodistal muscle did not change
considerably.

4.5. Discussion

After a 6-week training program using the BSAT, ndigant
improvements on FM, MAS, and MMT tests with resptctthe functional
ability, muscle spasticity and the muscle strengthe observed.

A rationale regarding the reason of the effectigsnef the active
BSAT training can be found in the motor behaviod ameurophysiology
literature. Practicing bilateral movements in syocdy may result in a
facilitation effect from the unaffected arm to ta#ected arm. For example,
when bilateral movements are initiated simultanBouarms act as a unit
superseded individual arm action [16,17], indiogtithat both arms are
strongly linked as a coordinated unit in the br&mnaddition, it is well known
that even if one arm or hand is activated with nmatteforce, this can produce
motor overflow in the other such that both arms emgaged in the same or
opposite muscle contractions although at differdecel of force [18,19].

Furthermore, studies have shown that learning &lnowetor skill with
one arm will result in a subsequent bilateral tfanef skill to other arm [20].
The present experiments suggest a strong neuraphysial linkage in the
central nervous system that explains how bilateralvements may benefit

motor learning.
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Table 4.5. Changes in clinical score of MMT on #iftected upper-limb of 8
chronic hemiplegic patients before, 2, 4, and 6 kweef training with the
BSAT.

Manual Muscle Test 0-2-4-6 (week)

Patient 1 2 3 4 5 6 7 8
Flexor 3-3 4-4 3-3 4'-4 3-3 2P-20 2P 3.3

-4 44 -3 44 33 - P 33

Extensor 3-3 P-4 3-3 3-3 3-3 20-2° 1.2 3-3

-3 4-4 3-3° 3-3 3-3 20-2°0 2. 3.3

Abductor 3-3 4-3 -3 3-3 3-3 X2 200 3-3

3-4 3-4 3-3 3-3 3-3 0-20 20.2° 3-3

choulgey Horizontal 3 -3 3-4 3.3 3.3 3.3 2020 2.2 3.3
abducton 3°-4 4*-4" 3°-3" 3-3 3-3 20-2° 2°.2" 3-3
Horizontal 3 -3 3"-4" 3-3 2t-2° 3-3 2°-2° 3-2° 3-3
adduction 3"-4 4"-4" 3°-3" 20-2" 3-3 20-2° 2°.2" 3-3
internal 3 -3 3-3 20-2" 0. 3.3 1°-1° 2.2 3-3

rotation  3-4° -3 3-3 0.2 3-3 20-20 20.2° 3.3
External 3-3° 3-3° 20-2" 20020 3.3 19-710 0.0 0.

rotation  3-3P -3 22" 20.2" 3.3 1°-2° 20-2° 3.3

Flexor 3;-4;’ 3++-4++ 3;-3: 20-%' 3:-3: 22-2O 2'0-2O 3:-3:

Elbow 4-40 4'-4" 3'-3 4;)-4 3-3 20-2O -3 3+-3+
Extensor 34 3-4 3-3 2°-4 3-3 0.0 2.2 3-3

4-4L 4-4 -3 g4-4 3-3° -0 2.3 3.3

Supination 1‘1-2++ 2;-1;’ 12-1;’ 1°+- 1 3;-30 1‘;-1;’ 2'+-2° 2‘;-2O
Forearm 17-1" 17-2° 1°-1° 1*-2 3*-5° 2020 2tz 203
bronation 2-2 2.3 1°-2 2°-1° 3-3 1°-1° 2P 0.2

02X 3.3 2-1° 1*-2 33" 1°-2° 2.3 3-3

Flexor 2‘;-1O 3-3 12-2 1°-1" 3-3 2-2 1°-7° 2‘;-2O

Wrist 10-1; 33 20-1:) 1;-1; 3t-3" 2t-2° 2;-3;) 20-3'
Extensor 10-1 3'-3 10 10 -1° 3-3 2-2 1°-71° -2

1°-1" 3°-3" 1°-1° 1*-1* 3*-3" 2*-2 2'-2" 3-3

VP flexor 2.7 2 P-4 1°-2° °-2° 2-2 1°-1° 1°-1°

2020 40.4° 1°-2° 1°-2°0 2.2 1°-1° 1°-71°

Finger 1P flexor 2-2 3-3 1°1° o°>-1° 2-2  Not 1°-1° 1°-1°
2-20 4.4 1°-1° 1°-2° 2-2 measured1°-1° 1°-1°

MP - 2-3 - 0°-1° 2-2 1°-10 10-1°

extensor  1°-1° 3-3° °-1° 1°-1° 2-2 1°-1° 1°-71°
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5. Evaluation on Motor Recovery: EMG

5.1 Introduction

Hemiparesis resulting from stroke is likely be associated with a
reduction in the numbers of functional corticospiaad corticobulbar fibers
projection to the brainstem and spinal cord. Begdhese cortical projections
carry instructions about voluntary movement to twrd, either loss of
connectivity or reduced discharge in these pathvikgdy to limit the rage of
possible voluntary movement patterns on the aftesige [1].

Spasticity is attributed to increased muscle torssoeated with
hyperreflxexia according to Lance [1] who definggh&ticity as a "velocity-
dependent increase of tonic stretch reflexes withggerated tendon jerks'.
Previous efforts to quantify spastic hypertoniaeh@oncentrated on clinical
scales [2, 3], electromyographic and biomecharaoalysis of limb resistance
to passive or voluntary movements [4, 5], gait gsial [6] and a host of
electrophysiological reflex studies [1, 7]. In spibf this broad range of
techniques, no uniformly useful objective measur@@ave emerged in the
clinical practice. An objective, quantitative measwould achieve widespread
clinical acceptance only if its variations broaghralleled an accepted clinical
scale. An important criterion that objective partane have to fulfill to gain
everyday clinical acceptance is consistency anditpéty [8]. Clinical scales,
such as those proposed by Ashworth [2], offer ¢atahe information, but lack
temporal and interexaminer reproducibility and suffom a clustering effect
in that most of the patients are grouped within thaldle grades [8].
Nevertheless they have been and continue to belywded in the study of
spasticity [9] and are the present yardstick agantsch newer, more exact

methods must be compared.
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Many stroke survivors experience reasonable maoovery of their
proximal upper limb, but limitation distal recovefyor those with some hand
function, evaluating their therapeutic methods sash constraint induced
therapy [10] and electrical stimulation [11] mayyide additional recovery.
However, many stroke survivors do not experienaadte distal recovery or
are unresponsive to new therapeutic techniques.

In order to expand treatment strategies, the natuhemiparesis and its
relationship to clinical outcomes must to be furthelucidated using
guantifiable methods. Prior electomyographic (EMs&E)dies among stroke
survivors demonstrated significant delay in inibat[12-14] and termination
of muscle contraction [12, 13], gaps in EMG intezfece patterns [15],
abnormal co-contraction of agonist and antagonissates [16, 17], and
abnormal co-activation of synergistic muscles [1Bpwever, the clinical
implications of these abnormalities remain uncartai

The purpose of this Chapter is to describe theiogiship between delay
in initiation/termination and co-contraction of neles contraction in the upper
limb of chronic hemiparetic subjects, and clinicakasurements of motor

impairment and physical disability after the BSAdining.

5.2. Materialsand M ethods

5.2.1. EM G Measurement

EMG activities were recorded from conductive saal-disposable
Ag/AgCl transcutaneous recording electrodes (NomxAZ, USA).
Surface EMGs were recorded from the flexor carpiialis (FCR) and the
extensor carpi radialis (ECR) muscles. Active etetgs were placed over the
muscle belly and the reference electrode over thscta tendon (Figure 5.1)
[19].
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Figure 5.1. Electrode displacement for the FCR BG®R with forearm supine
(left) and prone (right).

Figure 5.2. The apparatus for positioning of then &nd forearm for EMG
recording during isometric wrist flexion and extems

During the experiment, the subject’'s arm was plagedan apparatus
that stabilized the wrist in a neutral positiong{litie 5.2). However, we elected
not to force the neural wrist position on the albjects to minimize baseline
EMG activity in subjects with hypertonic of wrisexions or contractures. The
apparatus allowed for adjustment of wrist anglee Btbow angle was not
constrained but was maintained at approximately d2frees. Each subject

was instructed to contract the wrist flexor or esiar as forcefully and quickly
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as possible against the confinement of the apmarattesponse to an audible
beep, and relax the muscle as quickly as possiblesamn as the beep
terminated. For wrist flexion, all subjects were&keab to response to seven
audible beeps consisting of five trials of 3s caction. The trials were

presented in a balanced random order to minimikgesti anticipation. The

procedure was repeated for wrist extension.

Delay in initiation of the EMG signals was itefd at the time interval
between onset of the audible beep and onset theedEMG signal. Delay in
termination of the EMG signal was defined as thmetiinterval between
termination of the audible beep and terminatiorthef EMG signal (Figure
5.3).

Muscle Muscle
contraction Relaxation

s — |

\4 *

i M—

3sec
Beep Onset
delay :
: : Offset
delay
Extensor i
Flexor Ry b g}

Figure 5.3. Representative EMG raw data during e&tamwrist contraction.
Delay in initiation of EMG signal was defined as ttime interval between
onset of the audible beep and onset of the EMGaki@elay in termination of
EMG signal was defined as the time interval betwésmination of the
audible beep and termination of the EMG signal.

Data acquisition hardware included MP 150 systeropg&c system, Inc.,
CA, USA). Amplifier gain was set at 1,000 with sdmg frequency of 1,080

Hz was used.
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For determination of the delay of muscle contragtieMG signals were
band-pass filtered (10-1000Hz) and full-wave restif The baseline of the
EMG signal was defined as the average activatigel llor 3 seconds prior to
muscle contraction and maintained the above basdinleast during 25
milliseconds. Then, the onset was defined when rdwtified signals first
exceeded the baseline plus two standard deviations.

In addition, the co-contraction ratio of flexordaextensor muscles was
guantified during isometric wrist flexion/extensidBince the muscle force is
almost proportional to the integrated EMENIG) [20], we first measured

muscle activations in agonist and antagonist dusingt movements.

EMG, (5-1)

EMG, = MG
m_rest

where EMGy represents a normalized value of EMG signals dummipt
movementsEMG, indicates muscle activations during wrist moverapanhd

EMGn req indicates a value MG, measured during relaxation.

N
IEMG = 3" (EMG,,, ot (5-2)
n=0
whereN indicates the number of sampled data in experinhémgds andAt is

a wrist contraction time.

IEM ANTA
Co-contractianratio= 7G”AGO (5-3)
IEMG!
where [EMG,®° indicates a IEMG of agonist an&MG,"N™* is a IEMG of
antagonist during wrist movements.
During the 6-week training, we measured EMG paramsein patients

were measured every two weeks.
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Figure 5.4~5.5 show the EMG data of different mesauring affected
wrist movements.
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Figure 5.4. EMG data of different muscles duringnmetric affected wrist
flexion in Patient 1. (a) beep signal, (b) wristemsor signal, (C)EMG of
wrist extensor, (d) wrist flexor signal, (MG of wrist flexor.
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Figure 5.5. EMG data of different muscles duringnmetric affected wrist
flexion in Patient 4. (a) beep signal, (b) wristemsor signal, (C)EMG of
wrist extensor, (d) wrist flexor signal, (MG of wrist flexor.
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5.2.2. Data Analysis

EMG data was analyzed using two separatests. The first test
determined the effects of three experiment-spedéictors on delay in
onset/offset and co-contraction ratio, which inelddarm side (control,
unaffected and affected), direction of wrist movein@exion and extension)
with unpiredt-test. The second test determined the differeneesden delay
in onset/offset included arm side (control, unatdcand affected), direction
of wrist movement (flexion and extension) usingpaired t-test. One-way
repeated ANOVA was used to compare before-traiaimg) after-training (at 6
weeks of training using the BSAT). Finally, Speansa correlation
coefficients, describing the relationship betwediGparameters and motor
recoveries, were obtained. We used the nonparamist of the ordinal
nature of Fugl-Meyer score (FM). An alpha level<@f.05 was used as the
level of significance. Representative scatter diagy relating EMG parameters
and clinical measures were obtained. All statistaszalyses were performed
with SPSS 10.0 (SPSS, Chicago, USA).

5.3. Results
5.3.1. EMG Onset Delay and Offset Delay

Table 5.1 shows onset/offst delay for wrist fleXeension
movements during the 6-week training with the BSAT.

As shown in Table 5.1, after the 6-week trainimg, tinaffected hands, as well

as the control group, did not show significant aes in onset/offset
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Table 5.1. Changes in EMG onset/offset delay. ohetucontrol, unaffected
and affected side, direction of wrist movement bef®, 4, and 6 weeks of
training.

Wrist flexion Wrist extension

Side No. 0-2-4-6 (week) 0-2-4-6 (week)
Delayy, (s) Delayy (S) Delay, (s) Delayy (S)
Control 0.1#0.11 0.3%0.13 0.220.17 0.2%0.07
1 0.43-0.30 0.45-0.41 0.46-0.32 0.53-0.49
0.34-0.30 0.64-0.41 0.33-0.33 0.59-0.42
2 0.30-0.35 0.34-0.44 0.22-0.23 0.60-0.38
Un 0.29-0.26 0.29-0.29 0.31-0.38 0.49-0.68
affeced 3 0.30-0.27 1.13-0.59 0.24-0.26 0.70-0.45
0.29-0.28 0.79-0.64 0.24-0.20 0.47-0.23
4 0.48-0.51 0.65-0.58 0.34-0.32 0.79-0.55
0.37-0.32 0.54-0.47 0.41-0.30 0.56-0.55
Average 0.38-0.34 0.64-0.51 0.32-0.28- 0.65-0.46
0.32-0.37 0.52-0.46 0.32-0.28 0.52-0.47
1 0.51-0.41 0.71-0.64 0.78-0.50 1.05-0.64
0.37-0.33 0.60-0.58 0.44-0.40 0.62-0.60
2 0.56-0.50 1.87-0.95 0.68-0.44 0.86-0.81
Affected 0.36-0.37 0.92-0.76 0.33-0.32 0.69-0.57
3 0.76-0.73 1.80-1.26 1.04-0.55 1.19-1.15
0.52-0.50 0.86-0.74 0.74-0.49 0.93-0.72
4 0.65-0.60 1.67-0.86 1.16-0.72 1.67-1.14
0.49-0.40 0.74-0.77 0.57-0.52 1.18-1.07
Average 0.62-0.57 1.51-0.93 0.92-0.56 1.19-0.94
0.44-0.40 0.78-0.76 0.52-0.44 0.86-0.75

Delayn Onset delay on muscle contraction, Dglapffset delay on muscle
contraction

delays and co-contraction ratio for wrist flexioxtension. However, affected
hands showed significantly decreased onset/oftdald in muscle contraction
after the 6-week training in both wrist flexion aagtension (p<0.05). Table
5.2 shows the effects of three experiment-speé&ifators on onset delay or
offset delay in control, unaffected and affectetbleetraining.

Before the training, onset/offset delays on theecffd side were
significantly larger than those in the control gsoand unaffected side.
Onset/offset delays in the unaffected side wergifsi@ntly larger than those

on the control group.
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Table 5.2. Differences of onset/offset delay whiatluded control, unaffected
and affected as direction of wrist movement befaaming.

. Wrist flexion Wrist extension
Sides
Delayy Delayy Delay, Delayy
Control 0.170.11 0.3%0.13 0.220.17 0.2%0.07
Unaffected 0.38:0.09 0.640.34 0.32+0.11 0.6%0.11
Affected 0.62+0.1G* 1.510.541 0.92t0.27'* 1.19:0.341

" Significantly different from control sides withdependent t-test (p<0.05).
' Significantly different from unaffected sides witldependent t-test (p<0.05).

Figure 5.6 shows the differences between (oftsdt delay included
control, unaffected and affected before trainin§s€ delay of affected sides
was significantly larger than onset time in bothstviflexion and extension
(p<0005). In unaffected side, offset delay was ificantly larger than onset

time in wrist extension (Figure 5.6 (b)).
5.3.2. Co-Contraction Ratio

Table 5.3 shows changes of the co-contraction rdtio wrist
flexion/extension movements during the 6-week trajiwith the BSAT.
Co-contraction ratio of muscle contraction in th&eeted side was
significantly larger than those in the control grdp<0.05).

As shown in Table 5.3, after the 6-week trainifge tinaffected hands,
as well as the control group, did not show sigaificchanges in co-contraction
ratio for wrist flexion/extension. However, affedteands showed significantly

decreased co-contraction ratio in muscle contraqps0.05).
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Figure 5.6. Comparison of delay in contraction ¢resed offset of the wrist

flexor (a) and extensor muscle (b). Values of thedre meatSD. ON: onset
delay, OFF: offset delay.
Significant difference between onset and offséydg<0.05).

Table 5.3. Changes of the co-contraction ratio emtiol, unaffected and
affected side before, 2, 4, and 6 weeks of training
Co-contraction ratio (CCR)

Side No. Wrist flexion Wrist extension
0-2-4-6 (week) 0-2-4-6 (week)
Control 0.15+0.04 0.150.08
1 0.34-0.35-0.35-0.19 0.40 - 0.30 - 0.26190.
Un 2 0.25-0.23-0.30-0.16 0.30 - 0.34 - 0.33170.
affeced 3 0.41-0.44-0.35-0.20 1.30 - 0.80 - 0.5(270.
4 0.30-0.25-0.25-0.18 0.38 - 0.35 - 0.231:80.
Average 0.33-0.32-0.31-0.18 0.60 - 0.45 30.8.20
1 1.20-0.70-0.43 - 0.26 0.66 - 0.45 - 0.23200.
Affected 2 0.92-0.29-0.19-0.12 0.44 - 0.41 - 0.21190.
3 4.09-2.94-0.45-0.36 2.13 -0.75 - 0.49310.
4 1.18-0.87-0.40-0.23 0.58 - 0.39 - 0.2000.
Average 1.85-1.20-0.37-0.24 0.95 - 0.50 80.2.23
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5.3.3. EM G Parametersand Motor Recoveries

Spearman’s correlation coefficients were determinediating each
EMG parameter from wrist flexion and extension ¢ taffected hand to FM
scores. Representative scatter diagrams of delaypset and offset during 3s
wrist flexion and extension versus FM scores arewshin Figure 5.7.
Onset/offset delays in muscle contraction correlamell with FM scores,

except for offset delay in wrist flexion.
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Figure 5.7. Correlations between delay of EMG resps of wrist movement
and FM score. (A) Delay in onset of wrist flexioarsus FM scores, (B) Delay
in offset of wrist flexion versus FM scores, (C) I®ein onset of wrist
extension versus FM scores, (D) Delay in offsetvast extension versus FM
scores.
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In addition, as shown in Figure 5.8, the co-corioacratio in wrist

movements correlated well with FM scores.
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Figure 5.8. Correlations between co-contractiororaf wrist movement and
FM score. (A) Co-contraction ratio of wrist fleximersus FM scores, (B) Co-
contraction ratio of wrist extension versus FM ssor
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5.4. Discussion

Major findings in this chapter are: (1) there isignificant difference in
onset/offset delay of muscles contraction betwéenaffected and unaffected
upper limbs; (2) there is a significant decreaseceacontraction ratio of
affected hand of chronic stroke patients after @kweaining program; and (3)
onset/offset delay of muscle contraction and cdreation ratio correlates

significantly with upper limb motor impairment antbtor recovery.

Most quantitative EMG studies performed on impairgtibs of
hemiparetic stroke patients have dealt with tempmalyses of EMG patterns
during arm movements [14]. Consistent with priadses [12, 13], we found
significant onset delay of muscle contraction o themiparetic upper limb
compared to the unaffected upper limb. The taskiredq of the subjects in
this study represented a “simple reaction timek tasvhich the subject knows
in advance stimulus (audible beep) will occur anliclv response to make
isometric wrist flexion and extension. The task banbroken down into three
components: signal detection, signal processingsatattion of motor strategy,
and task execution. Delay in simple reaction tirag be attributed to lesions
causing specific impairments in processing andreffemechanisms, but not
to signal detection disturbances, which are comtaodasks involving affected
and unaffected limbs. We excluded subjects withicdl evidence of other
neurological disorders, decreasing the likelihoddlesions caudal to the
brainstem contributing to onset delay of contractidlotor processing is
mediated by the posterior parietal cortex and ptemareas, whereas selection
of motor strategy and motor execution are mediagethe primary motor and
premotor areas [21]. However, the final motor otioong stroke survivors

can be modulated by changes in descending andigsppral excitatory and
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inhibitory inputs into the spinal interneurons aagha motoneurons [22] as
well as neuroplastic changes consequenct to bmairyi[23].

We observed a difference of approximately 0.8 shimm inset delay of
muscle contraction between the affected and urteffelbmbs. How much of
this difference was due to the impairment in magtoocessing rather than
efferent mechanisms is cause hyperexcitabilityhef $pinal motor pool and
lead to loss of the orderly recruitment of motoitsifi24]. However, Heald et
al. [25] reported difference in latency of no mdhan 0.1 s between the
affected and unaffected limbs after activating theotor cortex with
transcortical magnetic stimulation and recordingndr muscle responses.
Dewald et al. [18] examined spatiotemporal abnoitiealin the flexor reflex
response in the impaired upper limb of hemiparstigjects. The difference in
delay in the reflex response between affected araffected limbs ranged
between 0.1 and 0.4 s. The delay, which is attaitiet to deficits in the
efferent mechanism, would account for only a snmalition of the delay
observed in this study, suggesting motor processamdyibutes substantially to
the delay in initiation of motor activation in hearetic muscles. Another
means to evaluate the relative contributions of phecessing and efferent
mechanisms to the observed differences is to afisesmset difference when
the muscles are pre-activated.

Consistent with prior studies [13, 18], we foundignificant delay in
termination of muscle contraction of the hemiparefgpper limb compared to
the unaffected upper limb. Hammond et al. [14] eatdd the difference in
delay in termination of muscle contraction usingjrailar experimental design.
However, contrary to their expectations, they dat observe a significant
difference between affected and unaffected uppebdi They reported that
many subjects would not maintain their contracttbnroughout the entire

prescribed duration of contraction. Each subjectemwent 12 wrist flexion
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and extension trials for each limb, each lasting,3pr 9 s. The inability to
maintain their contraction was probably due togiagi associated with the long
duration of contraction, high number of trails, asyerity of hemiparesis.

Delay in termination of contraction represents oha constellation of
clinical manifestations following nervous systenjuiy that Jackson [26]
described as “positive” signs, or stereotyped aiiadities that emerge after
lesson. Other examples include spasticity, abnormacontraction of
antagonist and agonist muscles, and abnormal ocatioh of synergetic
muscles. The mechanisms that account for theseitifggds manifestations
remain uncertain. Many researchers found significarset delays of muscle
contraction in the hemiparetic upper limb. The gétamuscle contraction can
be extended when the decrease in inhibitory cowatraentral nervous system
(CNS) after stroke or brain injury causes musci#nsss or excessive co-
contraction of the antagonist muscle. It may beo astended when the
function of intact reticulospinal tract is activdtevith the dysfunction of
corticospinal tract or when the cortical reorgaha@ais developed [24]. The
co-activation of agonist and antagonist musclemnismportant component of
motor control in normal individuals. It participatén the regulation of joint
stiffness and postural stability [14]. As regulatgda feed forward mechanism,
it is modulated according to task requirements. akmormal co-activation
pattern, consisting of massive and synergistiovattin of many muscles, has
been reported on the affected side of hemiparetiems during movement
[27]. In the present study, we observed that ooffsét delay and co-
contraction ratio, which was defined by the ratietvieen agonist and
antagonist using IEMG, significantly decreasedratte 6-week training with
the BSAT.

The second objective of this Chapter was to desctiile statistical

relationship between a fundamental neural defiantfiested by onset/offset

- 80 -



delay of muscle contraction and co-contractiororafihemiparetic upper limb,
and clinical motor recovery, as measured by the deéte. In this study, we
found a statistical relationship between the degfethe onset, offset delay
and co-contraction ratio of muscle contraction algical measures of motor
impairment and physical disability. Activities ofit} living require prompt
and coordinated repetitive initiation and termiaatiof muscle contractions.
Many stroke survivors achieve the hand closuresbiated movements or by
volitionally activating a flexor synergy pattern.e®ald et al. [18]
demonstrated a similar statistical relationshipweein muscle co-activation
patterns of synergistic muscles in the paretic ufipg and FM scores. Thus,
it is possible that subjects with more prolongedayke in initiation and
termination of muscle contraction also have gredégiree of muscle weakness,
fatigue, abnormal co-contraction of antagonist agbnist muscles, and
abnormal co-activation of synergetic muscles, &llwbich may have more
direct impact on functional activity. Although celational studies may
provide insights into mechanisms for functional icies and potential
interventions, cause-and-effect relationship caty dse demonstrated by
prospectively introducing specific interventions &aldress specific motor

abnormalities in a controlled manner with assessiefunctional outcome.
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6. Evaluation on Motor Recovery: fMRI

6.1. Introduction

Hemiparesis is the most common acute deficit obkstr[1]. Most
hemiparetic patients experience some degree ofrmetovery within the first
6 months after stroke [2]. Post stroke physicalahg or robot assisted therapy
may produce gain in motor function beyond thoseioatg spontaneously [3].
However, the neural mechanisms mediating rehatiiitanduced motor
recovery are poorly understood.

Recent development in functional neuroimaging mitidal such as
functional magnetic resonance imaging (fMRI), pasitemission tomography
(PET) and transcranial magnetic simulation (TMSyehheen made. Several
studies have reported the cortical reorganizatioduced by physical
interventions in hemiplegic patients [4-6]. Funoab imaging and
electrophysiologic brain mapping techniques haveviged substantial
insights into the adaptive changes of cerebral oesvassociated with the
recovery from brain damages. These studies denadedtthe recruitment of
areas adjacent to brain lesion or ipsilateral moggions of the unaffected
hemisphere after the complete recovery from theeupgxtremity motor
impairment [5].

Furthermore, the reorganization of both motor aadsery structures
occurs in parallel with the improvement of the uppetremity motor function
[4, 5]. Given the close temporal correlation betwethese sequential
alterations of cerebral activity and the returrvoluntary motor control, many
of the dynamic changes observed in the cerebrédxonay have a restorative

capacity. Accumulated evidences in hemiparetic epéi suggest that
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rehabilitation techniques with repetitive trainioigfunctional movements have
significant effects on the recovery of motor skil§y. The effects of such
specific rehabilitative interventions on the caaticeorganization after stroke
or brain injury, however, have not been examinedfumctional imaging
experiments to evaluate rehabilitative trainingesyss.

The goal of current Chapter study was to evaluatical reorganization
associated with motor recovery produced by the BSA&ihg fMRI. We
focuced on determining reorganization in motoricattareas, since activation
changes in these areas have been previously showalated with motor
recovery after stroke.

The present study was to determine the effect ef BBAT on the
cortical activation changes in chronic hemiparpatients before and after the

6 week training using fMRI.

6.2. Backgroud

6.2.1. Magnetic Resonance Imaging (MRI) : Principles

Magnetic Resonance Imaging (MRI) is one of the tleasasive
methods to image internal organs of human beindsaammals. It has become
an important and powerful tool for clinical diagissince 1970s and has been
applied extensively in basic researches in biolgdwsiology, and medicine

related sciences [7, 8].

The MRI system consists of a main machine @rputer system. The
main machine is installed in an electrically andgnetically shielding room. It
is equipped with a main magnetic coil, radiofreque(RF) coils, gradient

coils and shim coils. The computer system is latatgtside the shielded room
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and is connected to the main machine to monitorsylséeem and control data

acquisition (Figure 6.1).

Shielded room
T

MRI
Coils +
=
. : f

Computer system
’ Q »
J l

Figure 6.1. Schematic lllustration of MRI systemintcludes a shielded room,
a main MRI machine and a controlling computer syst€he machine has a
main magnet and other coils for imaging. The suljes in the magnet bore
and part of his body of interest is imaged.

The object of the standard MR imaging of humanstasextract
information about the hydrogen distribution of tiiesue of interest. During
imaging, the main magnet applies a strong and meiye homogeneous
magnetic field to the tissue being imaged. The espiaf the protons in this
tissue are forced to align along the magnetic fidld RF electromagnetic
pulse, thereafter, is applied to the tissue byRRecoils. Since the RF pulse is
chosen to have the same frequency as the Larmqueney of the protons in
the main magnetic field, the tissue protons resomaid absorb the energy,
being flipped away from the direction of the maimagnetic field to higher-
energy states. The proton spins then process atbentiain magnetic field at
the Larmor frequency. This causes a changing mexgfhex, which induced a
current signal in the receiver coil. (The receiseit can be the same RF coil or
other one.) By superimposing linear gradient torttaen magnetic field by the

gradient coils, the positrons of the proton spires phase encoded, and the
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induced signals correspond to the Fourier transfoftie spin density of the
protons in the tissue. The signals collected inRberier space are called raw
data. The spin density of the protons is then rettooted form the raw data by
performing the inverse Fourier transform. The dsiion of the protons
constitutes the imaging of the tissue being imagi@ Because of the
relaxation effect (proton spins relax from the highergy states to the rest
states), the imaging procedures are much more exntpbn what has been
described above. These effects are described &g #mpirical parameters, the
spin-lattice relaxation time (J, the spin-spin relaxation time T and a
relaxation time due to the external field inhomagmus (T’). The latter two
are often combined as,Tsince they cause signal loss in similar way. Ehes
relaxation times need to be taken into account wdesigning imaging
sequences.

It is noteworthy that MRI requires an extreynebmogeneous magnetic
field. To achieve the requirement, the MRI machmem is magnetically
shielded to minimize the noise from outside enwinent, and a set of shim
coils is employed to eliminate the small inhomogee® in the main magnetic
field. This limitation imposes more requirements amy equipment being
designed to sue with the MRI machine.

MRI is a non-ionizing imaging modality and leena safer one when
compared to X-ray, CT, and other modalities apglyiadioactive materials.
The magnetic fields used by current MRI systeme rfagm 0.1 Tesla up to
several Tesla. Properly administrated, these systeith not produce harmful
effects on the human body, such as energy depositicthe tissue being
imaged. In our experiments, subjects were requivesty inside the machine
for from 20 minutes to one hour (maximally), typigaaround half an hour.
According to our experience, this is a reasonadgth of time for most of the

healthy subjects and patients who participatediimeaperiments.
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6.2.2. Functional MRI (fMRI)

Functional MRI is a method to study humanmifanction based on the
fast MRI technology. Using the Echo Planar ImadiggIl) sequence, a whole
brain can be scanned within 2 seconds, with a apsedgsolution of 2 mm.
Because of its noninvasive feature and good spatisblution, fMRI is
considered as one of the most powerful probes fgoex human brain
function. Since its emergence in the early 1990bas become increasingly
used in the basic and clinical researches on dggniteuroscience, motor

control, etc. [9].

In this section, the principle of fMRI is des&ed first. Then,

experimental procedures and data analysis metloodsIRI are described.

6.2.2.1. Principle of fMRI

The fundamental principle underlying fMRI is a pberenon called the
blood-oxygen-level-dependent (BOLD) effect, althlbugther contributing
effects have also been investigated [10-12]. Adogrdo the BOLD effect,
changes in blood oxygenation level during brainvation play the main role
in indicating functional regions of the brain. Ag \know, there are two types
of hemoglobin (red blood cells) in the blood, oxylaglobin and
deoxyhemoglobin. They have different molecule stmes and hence have
different magnetic properties. Oxyhemoglobin isnib@netic and has little
effect on the local magnetic field. Thus, it dogd affect the MRI signals.
However, deoxyhemoglobin is paramagnetic relatvehe surrounding tissue,
thus it affects the local magnetic field. This witroduce inhomogeneties into
the magnetic field, which leads to dephasing of pheton processions and

hence a loss in the detected MRI signal. The maexyghemoglobin, the
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bigger the inhomogeneties in the local magnetid fiand the bigger the signal
loss. When a functional region of the brain is \ated during a task,
oxygenated blood in artery flows faster into thiseacompared to the normal
or resting state. However, remarkably, it has b&mmd that the oxygen
consumption by the brain basically does not inaeés a result, the relative
content of deoxyhemoglobin in this area of therbraill decrease. Therefore,
this leads to an increase of the MRI signal intgndihe fast MRI technology
makes it possible to record the local signal intgnshanges. These changes

indicate the activated area in the brain duringgilien task.

6.2.3. Human Brain Mapping Technologies

Our current understanding of brain plasticity uhgeg spontaneous
motor recovery has largely come from three humaminbrmapping
technologies: transcranial magnetic stimulation @Mand the functional
neuroimaging technologies—positron emission tomuigya (PET) and
functional magnetic resonance imaging (fMRI).

TMS can be applied to evaluate motor cortex exiitphin stroke
patients. Using TMS, a stimulating coil is placedtbe scalp over where the
motor cortex resides. A brief, high-current pulsepassed through the coil.
This current pulse induces a magnetic field thatepates painlessly through
the scalp, skull and underlying brain tissue, asglin an induced current in
the brain tissue. This induced current activatedirectly, pyramidal cells of
the corticospinal tract. As action potentials traeethese neurons, motor
evoked potentials (MEP) are detected by electromayiy/ in a contralateral
target muscle, typically a finger muscle. Seveebmeters of the MEP can be
measured to provide indices of motor cortex exditgbincluding threshold,

amplitude, and size of the cortical area from whbeepotentials are evoked.
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TMS is usually done with the target muscle initiadit rest. Therefore, TMS
measurements are not dependent on subjects pemfprrai particular
movement. This feature makes TMS a tool amenabétuidying motor cortex
excitability in stroke patients, even those witimiy@egia.

Activation studies using PET or blood oxygenatievel-dependent
(BOLD) fMRI evaluate the brain’s hemodynamic resg®rio an “activation
task” (e.g. a specified, repetitive hand movemeBtain areas with neurons
actively involved in the activation task receive inareased supply of blood.
PET and BOLD-fMRI exploit different aspects of timeurovascular response.
PET relies directly on the increase in cerebrab8ldlow. A PET camera
monitors emitted positrons just after intravenongdtion of a radioactive
tracer substance, usualfD labeled water. The distribution of the radiolaikel
substance is related directly to regional cereblabd flow. BOLD-fMRI, in
contrast, provides only an indirect measure of lmaleblood flow changes,
relying on a complex and not yet fully understoed af physiologic events.
BOLD-fMRI relies on the fact that oxygen consumptioy active neurons is
less than the increase in cerebral blood flow,tieguin a local net increase in
oxygenated blood and net decrease in deoxygentded.lIhe net decrease in
deoxygenated hemoglobin iron in blood produces angé in magnetic
susceptibility, resulting in an increase in magneésonance signal (T2*) in
brain tissue. Using PET or fMRI, brain areas withtistically significant
increases in signal during the activation taskc@sapared to baseline (e.g. no
movement) are interpreted as areas involved ingsing information related
to the activation task.

PET and fMRI have their particular advantages agshaus for
evaluating brain activation related to motor recgvafter stroke. Functional
MRI has the advantage of being non-invasive (i.e. exposure to a

radiolabeled substance). Further, the images ¢etlagsing fMRI are of higher
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spatial and temporal resolution than PET (approtetgedBmma3 versus 8mm3;
approximately 2 s versus 5 min, respectively), pitimy a more refined
assessment of the spatial and temporal dynamibsagf activation associated
with motor performance in stroke patients. Howevitre PET scanning
environment is advantageous because it provides mbysical space for
subjects to perform limb movements and for angillequipment to monitor
these movements. Further, the PET scanning envaohrprovides more
flexibility in the design of ancillary equipmentdzise of the lack of high
magnetic fields.

Other human brain mapping technologies have algarb& contribute
to our understanding of brain plasticity associateth motor recovery after
stroke, and each holds particular advantages thhtoes helpful in piecing
together a complete understanding of the recoveocgss. Near-infrared
spectroscopy (NIRS) is an emerging technology tiwgi-invasively measures
brain activation by monitoring changes in the apson of near-infrared light
by hemoglobin-containing species in cerebral blobal.its advantage, NIRS
can be designed to be relatively insensitive talheation, and uses compact
instrumentation that makes it feasible for appilaatin stroke patients at the
bedside or in the rehabilitation facility. The teon@ resolution of NIRS is
similar to that of fMRI (approximately 1 s), thoughe sampling rate is
typically several orders of magnitude greater ttt@s, thereby allowing for
more accurate detection of the evolution of the d®@ynamic response. The
disadvantages of NIRS, as compared to PET and flsifeljts relatively poor
spatial resolution (approximately 3 cm) and dephgtration (approximately
1 cm beneath the skull). Magnetoencephalography GMEand
electroencephalography (EEG) are methods that detttg electromagnetic
fields and induced electrical currents, respecfivgienerated by neuronal

activity. Whereas all the previously mentioned moeth rely on a relatively
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slow hemodynamic response, MEG and EEG measuréeg ddirectly from

neural activity signals that are significantly &astMEG and EEG allow for
measurement of brain activity with a high tempaeesolution (approximately
1 ms), and like NIRS can be sampled at a much hifyjeguency. The spatial
resolution of MEG/EEG, however, is relatively pgapproximately 5-10 mm).
Efforts are currently being made to develop rolbmsthods for combining
from individual subjects high spatial resolutiofoirmation of fMRI with high

temporal resolution information of MEG/EEG. Suckhteical developments
will aid in understanding the spatiotemporal preess underlying motor

recovery in stroke patients.

6.2.4. Response during M ovement

Voluntary motor activity is exerted by the striat@dscles. Contractions
and relaxations from striated muscles are requicednduce all forms of
voluntary motor behavior. These impulses, whichl lEamuscle contractions,
must pass through the motor neurons located imnierior horn of the spinal
cord, or to the cranial nerve nuclei. Motor neuromsspinal motor neurons,
are the final common pathway to voluntary behavigpinal motor neurons
and motor neurons for the cranial nerves in thenlsem are influenced by a
multitude of inputs from many parts of the centrarvous system. All
voluntary motor activities are preceded by thevatibn of many anatomical
structures, some of which are connected to theabmnd bulbar motor
neurons. Some of the terminals stem from neurongh@ brain with
somatosensory functions or from neurons receivimguises from sensory end
organs in the skin and muscle itself [13].

The motor system is made up of several descendatigvays. While

each of these tracts plays an important role inttha& integration of motor
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capabilities, cortical plasticity after deafferdiia have been most studied in
the corticospinal tract.

The corticospinal tract contains over a million axooriginating from
three sources: one third descend from Betz pyrdmielarons in the primary
motor cortex (Brodmann area 4), one-third from swm$ensory cortex
(Brodmann area 3, 1 and 2) and the other one-tinich premotor cortex
(Brodmann area 6) (Figure 6.2).

Each of the individual motor structures cannot aldne, thus each
structure and their interconnections act togetbdotm an output system for
the brain. The question should then be restarted: tho the distinct motor
areas in the brain work together effectively todquoe movement?

At the instant the desire to move is formulatedhia brain, it is rarely in
the form that permits immediate motor executionc®a person decides to put
a plan into action, they have an intention to batention for motor action has
been defined as a recruitment of those corticahsarghole participation is
necessary for the information processing betweeridba of a goal for action
and motor execution [14]. The organization of vaédum action, from the
intension to the execution, is dependent on the tfpvoluntary behavior the
subject wishes to express. The organization alpertls on whether the motor
task is novel of has been previously learned [14].

Normally executed voluntary movement requiieformation from
nonmotor structures in the brain. Voluntary motctsare the results of either
thoughts or desires formulated by other brain aoeasactions to events in the
environment. Theses are coactivated with the meitactures in the brain that
are relevant to the task at hand. In this way, matal nonmotor structures
work together, in the principle of economy, to i@8l only those structures that

are needed to produce the desired movement irotinect context.
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Figure 6.2. Broadmans areas. 1. Motor area (Brodmé&narea 4, 6): primary
motor cortex (area 4), supplementary motor cortmed 6), premotor cotex
(area 6), posterior periatal cortex (area 5, @frpntal cortex (area 9-11, 46-
47), 2. Somatosenory area (Brodmanrarea 3, 1, 2, 5, 7). primary
somatosensary cortex (area 3, 1, 2).
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6.2.5. Cortical Areasin the Motor System

The key cortical areas in the motor system incltide primary motor
area (M1), premotor area (PMA), supplementary matea (SMA), pariental
cortex and the basal ganglia. Each area contriméesssary motor structures
to the representation and actualization of mototputuand does so in a
somatotopic fashion. There seems to be at leastcomgplete somatotopic
representation of the body in each of theses afHas.cerebellum will be
examined although will not be focused due to a latlksomatotopic in this
area. Figure 6.3 shows the location of primary aedondary cortical motor

areas.

Area 4
Area 6 e

M1

Posterior
parietal
& cortex
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suleus g

o=,
~ PMA

cerebellum

Figure 6.3. Location of primary and secondary cattmotor areas. 1: M1, 2:
PMA, 3: SMA.

6.2.5.1. Primary Motor Area (M1)
The primary motor cortex (M1) runs along the lengththe precentral

gyrus and contains a spatially distinct motor hoows [15]. Muscle of the

face, tongue and mouth are controlled by neuronlarventral position of the
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precentral gyrus. The remainder of the body ise®sgmtation in successive
more dorsal portions of the gyrus, with the legrespntation expending onto
the medial wall of the hemisphere. This resultiradyp map is termed the
motor homunculus and is what is meant by somatot@urganization (Figure
6.4). These also exists a sensory homunculus ompdbktentral gyrus. The
neurons in the primary motor cortex make both exery and inhibitory
connections with spinal and bulbar motoneuronsadudition, M1 receives
input from premotor, supplementary motor area, @rébellum via the ventral
lateral nucleus of the thalamus. These connectamesthought to be the
predominant influences increasing the metabolisthragional cerebral blood
flow (rCBF) in M1.

Research indicated that all voluntary movement eases regional
cerebral blood flow in M1. This is to say that irder to perform a motor task,

the appropriate somatotopic area of primary mototex is required.

A Ankle
| Toes

Figure 6.4. Somatotopic map of the human precegyrais.
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6.2.5.2. Supplementary Motor Area (SMA)

The supplementary motor area is situated on theiahedle of the
hemisphere just in front of M1 and superior to ldteral premotor areas. SMA
was originally discovered during direct stimulatiduring surgery of an awake
patient. The patient was rehearing the alphabetraached the letter H, the
stimulation made him repeat the H continuously luhg stimulation ended
[16]. Other more recent studies have found SMA ive0 in speech arrest
preceded by acceleration or slowing of speech, mews of upper extremity,
often rhythmic finger tapping, vocalizations, avensof head and eyes, and

movements of lower extremity [17].

Studies have shown that repetitive movementhef same finger in
which flexions automatically followed extensiongiaated SMA. SMA has
also been shown to have a role as a programmerotdrmnsubroutines [18].
This is apparent in the fact that pure internaleegbal of motor sequences
activates SMA [19].

6.2.5.3. Premotor Area (PMA)

The premotor cortex is difficult to define &omically. Positron
emission tomography (PET) studies have locatedavea the frontal eye fields,
and limited posteriorly by the fundus of the cehsacus. The premotor area
shares Brodmman area 6 with the supplementary navea, but is located
below the SMA in a more lateral position.

Premotor cortex seems to be specifically imedl when sensory
information is necessary to build the motor programwhen the motor
program is modulated by incoming sensory infornmgtguch as in early stages

of motor learning. Premotor cortex becomes actiierwwoluntary movements
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are carried out under the guidance of somatosensaitory, or visual
information or when sensory information is necegs$ar the execution of the
movements. In experiments ranging from shape disation to performance
of a maze task in which individuals performed natimn on a paper and

pencil maze, premotor cortex was strongly activ2eq.

6.2.5.4. Cerebellum (CRB)

The cerebellum, a large and conspicuous gatieomotor system, sits
on top of the brainstem and is clearly visible joshind the cerebral cortex.
The cerebellum is divided into two hemispheresisahe cerebral cortex. A
small lobe called the flocculus projections frosventral surface. Despite the
cerebellurn’s relatively small size, it contains about one-loéléll the neurons
of the nervous system. As Figure 6.5 shows, thebetlum can be divided
into several regions, each of which specialized wifferent aspect of motor
control. The flocculus receives projections frore trestibular system, which
will be described shortly, and takes part in thatad of balance and eye
movements. Many of its projections go to the spr@id and to the motor
nuclei that control eye movements. The hemisphefr¢ise cerebellum can be
subdivided as shown by the white line in the Fighuf® The most medial part
controls the face and the midline of the body. There lateral parts are
connected to areas of the motor cortex and areciassd with movements of
the limbs, hands, feet, and digits. The pathwaysifthe hemispheres project
to nuclei of the cerebellum, which in turn projgot other brain regions,

including the motor cortex.
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Midial parts of cerebellar
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i T F d of body midline)
of body appendages) Digit Limbs ?:fn? Y
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(eye movements
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Figure 6.5. The cerebellum consists of the cerabdiemispheres and the
flicculus. The hemispheres control body movemeants, the flicculus controls
balance. The cerebellum is topographically orgahizeth its more medial

parts representing the midline of the body and nisre lateral parts

representing the limbs and digits.

To summarize the cerebellisritopographic organization, the midline of
the homunculus is represented in the central dattheo cerebellum, whereas
the limbs and digits are represented in the celwgh&d lateral parts. Tumors or
damage to midline areas of the cerebellum disraparize, eye movements,
upright posture, and walking but do not substagtidisrupt other movements
such as reaching, grasping, and using the fingensexample, a person with
medial damage to the cerebellum may, when lyingrd@low few symptoms.
Damage to lateral parts to the cerebellum disrgpta, hand, and finger

movements much more than movements of the lsddynk.

-100 -



6.3. Materialsand Methods

6.3.1. Subjects

During fMRI experiments, two environmetdsks were assigned to
every subject: Environment 1 was task with nonfierrdevice inside the
magnet and Environment 2 was the task without @evic

Six control group and patient 1~4 were participated&Environment 1,

and other patients were examined in Environment 2.

6.3.2. fMRI Acquisition

Before and after the 6-week training program, tteod oxygen level
dependent (BOLD) fMRI measurements employing theoeglanar imaging
(EPI) technique (TR/TEE1900/40/90°, FOV=240mm, matrix size=64x64
and slice thickness=5mm), were performed using aMH scanner (GE
Medical System, Milwaukee, USA) with a head coilTA-wighted anatomical
volumetric images (FSE, TR/T&#4500/104/90°, FOV=240mm, matrix
size=256x256 and slice thickness =5mm) were oldaine
Echo-planar images were realigned to the first Enafjeach time series to
remove residual head movements. Images were tise&zedeinto the standard
anatomic space defined by the atlas of Talairaath Bournoux [21]. The

images were then soothed with an 8 mm isotropics&an kernel.

6.3.3. Motor Tasks

6.3.3.1. Motor Task with the BSAT
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For the motor task paradigm, eyes-closed restiage sfor 20s was
defined as the rest state, and self-paced wrisiofieextension movements at
frequencies of 1-2Hz using the nonferritic devioside the magnet another
20s was defined as the active state. Each taskqmiotvas to alternate rest-
active states (40s), repeating three times (FigL6e

For this study, a bilateral symmetric motion systeis made of an
insulating material for MR environments to reprogluche training

environment (Figure 6.7 (A)).

ACTIVE ACTIVE ACTIVE

REST REST REST

»

0 20 40 60 80 100 120

Time (9)
Figure 6.6. The paradigm for fMRI experiments.dhsisted of recurrent Rest
and Active sessions. In the Rest sessions, theeculgmained still his/her
brain images were collected as rest images. IAttwe sessions, the subject
performed the required motor tasks while activeérbirmages were collected.

During fMRI experiments, two motor tasks were assd) to every
subject: Task 1 was an active wrist movement onlyhe unaffected side and
Task 2 was the passive wrist movement of the afte¢tand driven by an

active wrist movement of the unaffected side.
6.3.3.1. Motor Task without the BSAT
Task paradigm was the same as above motor taskndOdMRI

experiments, three motor tasks were assigned toy esudject: Task 1 was

wrist movement only on the unaffected side, Taska® wrist movement only
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on the unaffected side, and Task 3 was bilateristwrovement. Figure 6.7(B)

shows the experimental set-up for these tasks.

Figure 6.7. Experimental set-up for fMRI acquisiti¢A) Environment 1: task
with nonferritic device, (B) Environment 2: tasktiout device.

The laterality index (LI) for SMC was calculateddompare the relative

in the ipsilateral versus the contralateral SMCwhak defined as below.

L = (contralateral SMIC voxel —ipsilateral SMC voxel )

= 6.1
(contralateral SMC voxel +ipsilateral SMC voxel ) (61)

It could range from 1.0 (all activity in the corligeral hemisphere) to -1.0 (all

activity in the ipsilateral hemisphere).

6.3.4. Statistical Analysis

To analyze fMRI data, SPM99 software (Welcome depant of
Cognitive Neurology, London, UK) was used. Regiaofs interest were
selected as the primary sensorimotor cortex (SNI®) premotor area (PMA),
the supplementary motor area (SMA) and cerebel®RB)), since these areas

has been reported to have neuroplastic recovegnpal [22]. Significance of
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the activation between the rest and the task wasshbld atp<0.001,
uncorrected. In motor task without system, we usaalparametric Wilcoxon
signed rank test to validate interval changes obkkcause the medical status
of the subjects was variable and there only fowjexis. In order to test
correlations of the two variables, we calculated iterval changes of each
variable, and then performed the non-parametrica®pan’s correlation

analysis. A sifnificance in the difference was defl as p < 0.05.

6.4. Results

6.4.1. Motor Task with the BSAT

In the control group, activations in primary cotdtaral SMC, SMA and
ipsilateral CRB were observed in Task 1, with ashtyninant wrist movement.
On the other hand, in Task 2, the passive wristenmant of the non-dominant
hand by the active wrist movement of the dominaamd) activations in
primary bilateral SMC, PMA, SMA and CRB were obszh(Figure 6.8).
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Figure 6.8. Cortical activations in control group.
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Figure 6.9 shows cortical activations for both tabkfore and after the
6-week training. In fMRI results with Task 1, a ©wcal activation in the
contralateral of the affected side was observest #fe training. The ipsilateral
SMC activation disappeared in Patient 1 and 4.dtieRt 1, The contralateral
CRB activation disappeared. It is noted that atows in the contralateral
SMC for all patients' unaffected wrist had disappdaand then increased after
training.

However, Task 2 showed that the contralatehdAPf the unaffected
wrist and the bilateral SMA were newly activateddaactivations in
contralateral SMC increased in Patients 1 and 3ysehpsilateral SMC and
ipsilateral PMA of unaffected wrist were activated fMRI measurements
before the training. However, cortical activatioms contralatral SMC of
unaffected wrist, bilateral PMA and bilateral SM&m& newly activated in
Patient 1, 2 and 3 whose ipsilateral SMC of theffented wrist was only
activated site before training. In Patient 4, leitat SMC, PMA was the only
activated before training, bilateral SMA was nevalgtivated. In the CRB
region, bilateral and ipsilateral site were actdain Patient 1 and 2 before the
training, respectively. On the other hand, medig@BGvas activated in Patient
3 and 4 before the training. After the trainindataéral and medial CRB of all
patients were activated (Table 6.1).
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left hemisphere (intact) Paretic = left limb right hemisphere (lesioned)

Patient4

Figure 6.9. Cortical activations before and aftaining during Task 1 and
Task 2 p<0.001), newly activated (white arrow) areas coragaoefore the
training.

Table 6.1. Changes in cortical activation with egst

Patient Task 1 Task 2

atien Pre-training Post-training Pre-training Post-tnagni

1 SMCE, PMA®  SMCF, PMAS, SMC®, PMA®  SMCE, PMAE

CRB® SMAS, CRB CRB® SMAB, CRB®

SMCF, PMAS, SMC?, PMAB

2 SMC®, CRB CRE SMCF, CRE? SMAE. CREP

sSMC, PMA SMCB, PMABE

3 SMC, CRE? SMCF, CRB CRE SMAC. CREP

SMC?, PMARE  SMC?, PMAB

4 SMC®, CRB SMCF, CRB CREC SMAE CREP

C=contralateral, I=ipsilateral, B=Dbilateral.
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6.4.2. Motor Task without the BSAT

Figure 6.10 shows cortical activations fortbtasks before and
after the 6-week training. In Task 1, ipsilateraimary sensorimotor cortex
(SMC) activity disappeared in Patient 8 and coateabl SMC was newly
activated in Patients 5 at after-training. In T&kipsilateral SMC activity
disappeared in Patients 5, 6 and 7. In Task 3,eatgiegree of bilateral
movement was significantly associated with moreatbial primary
sensorimotor cortex activation. In Patients 6 andp8ilateral SMC of the
affected side was newly activated. While, conteatddt SMC of the affected

side was newly activated in Patients 7 (Table 6.2).

Patients |

Patient6 |~

Patient 7

Patient 8

Task 1 Task 2 Task 3

Figure 6.10. Images at the pre-training fMRI andlet post-training fMRI
during Task 1, 2 and 3. Newly activated (yellowoary areas and disappeared
(white arrow) compared before the training.
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Table 6.2. Changes in cortical activation withoggtem.

. Task 1 Task 2 Task 3
Patient Pre Post Pre Post Pre Post
c SMC* SMC? SMC*
5 SMA SMAC SMA! SMAC smc? smc?
6 SMCE gmg‘i SMC® SMC® SMC SMC®
7 SMCE gmgﬁ SMC® SMCE SMCE SMC®
8 SMC® gmg SMC® SMC® SMC SMC®

C=contralateral, I=ipsilateral, B=bilateral.

6.4.3. Laterality Index (L1)

In all patients, LI of the affected hand sfgrantly increased (p<0.05)
(Table 6.3).

Table 6.3. The changes of laterality index (LI)idgrTask 1 and Task 2.

Task 1 Task 2
Patent  preli PostLl U C((;f)‘”ge Pre-ll  Postll C((;f)‘”ge
5 NA 1.00 NA 0.96 1.00 4
6 100  1.00 0 0.47 1.00 53
7 100  1.00 0 0.58 1.00 42
8 0.87 1.00 13 0.67 0.86 19

Average 0.970.07 1.00  3.256.50  0.6%#0.21 0.970.07 30.0:22.13
Pre-LI: LI at pre-training, Post-LI: LI at post-ining, NA: not available due to
no activation in SMC.

Figure 6.11 Shows the changes of LI duringkTlaand Task 2. In Task
1, LI was not significantly increased, howeverTask 2, LI was significantly

increased (p<0.05).
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6.4.4. Laterality Index (L1) and Motor Recovery

The relationship between FM and LI of the affedtedd was showed in
Figure 6.12. A significant correlation was foundvieeen the change of LI and

the motor recovery (r=0.71, p=0.05)
12
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Figure 6.11. Mean laterality index for the sensaotion cortex (SMC) for the
chronic stroke patients (n=4) during both Task @ &ask 2. In Task 2, there
was a significant difference between before angr afaining (p<0.05).
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Figure 6.12. The relationship between FM and Lthef affected hand.

r=0.71, p=0.05 ||
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6.5. Discussion

Functional neuroimaging studies have been prewarmhducted on the
cortical activation changes occurring with handction recovery over time in
brain injury patients [1]. Accordingly, no standiaet motor task paradigm or
analytic methods exist. The first study upon caitiactivation changes
according to hand function recovery over time wasfggmed [18]. These
workers followed up eight subcortical stroke patefor 3-6 months using
fMRI. They estimated LI for the SMC, and demonstdathat activity of the
damaged SMC increased significantly over time asphretic hand regained
function. However, this study was criticized be@tl®e motor task paradigm
is important in studies of interval motor functiamihanges by functional
neuroimaging [6].

For exact performance of motor task, we adoptecpleirmovements
(wrist flexion-extension) and a fixed rate as theton task paradigm. We set
up the SMC, SMA, PMA and CRB as ROIs because tlaesas have been
reported to have the neuroplastic potential foranoécovery in brain-injured
patients [22].

Biological changes accompanying stroke recoverytlaoeght to occur
in ipsilateral brain regions adjacent to the lesgte and in contralateral
homologous regions [6]. Other regions, including ®MA, CRB, putamen
and parietal cortex have been postulated to plagleain recovery [3]. Few
studies have used functional neuroimaging to supper notion that, a task-
oriented training can induce cortical reorganizatio stroke patients [23].
They demonstrated that functional recovery by piafsintervention was
associated with increased the ratio of contralat&®lC activity during

movement of the affected hand.
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In this Chapter, all eight patients showed cortiaativation changes
with significant motor recovery during 6 weeks miag with the BSAT. We
believe that cortical reorganization with motoraeery by the BSAT training
in chronic hemiparetic stroke patients. In Taskr®dvements of the affected
hand resulted in changes in SMC in all patients @rahges in the secondary
motor areas. The activation of SMC was not chargethe unaffected hand
movements (Task 1) in all patients. The activity thé ipsilateral SMC
disappeared in three patients but contralateral $di@ity newly appeared.
The LI for SMC of the affected hand significantlycreased. Therefore, we
believe that the the main cortical activation chemgccurred in the SMC, as
the contralateral SMC activity compared with th&tpsilateral SMC by the
affected hand movements, was markedly increasedc@ordance with the
motor recovery. These results are in agreement Witse from previous
functional neuroimaging studies. It has been betiethat the clinical recovery
in stroke patients is related with the increaseuatradateral SMC activity [2].
In addition, transcranial magnetic stimulation (T)MStudy [3] demonstrated
that clinical recovery in stroke patients is dihgcorrelated to the enlargement
of the hand motor area on the contralateral maidex .

The secondary motor, SMA and PMA may be activatgdhe mere
imagination of complex movements [22]. However, tugrelation between
the changes of secondary motor area and the funaimovery still remains a
controversy [24]. Zaman et al. [25] reported thdatbral SMA activation
disappeared and PMA activation of contralateraleconewly appeared with a
function recovery in a passive finger movement .taSk the contrary,
Loubinoux et al. [22] reported that SMA was actadhtilaterally after arm
trainings in stroke patients.

The present study demonstrated that activationhin €RB was a

significant correlation with behavioural recoverctivation of ipsilateral
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CRB increased in the unilateral movements, andetlodsbilateral CRB was
increased in the bilateral movements, which exglaiunderlying mechanism
with motor recovery.

Moreover, several studies have been conducted tad fi
pathophysiological mechanism of bilateral movemermtisd results in the
present study are largely in agreement with thevipus studies [26, 27].
Cohen et al. [26] was the first to prove the preseof bilateral motor cortex
activation in two patients with congenital bilaleraovements, using PET.
Using fMRI and TMS in a patient with perinatal wtéral brain injury, Nirkko
et al. [27] demonstrated that the direct ipsildteagicospinal tract is involved
in functional recovery with bilateral movementsngeaet al. [28] confirmed
this it in patient with congenital brain disordendaKim et al. [29] also
reported that bilateral SMC was activated duririgtbral movements of finger

in all post-stroke patients in their fMRI experinien
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7. Evaluation on Motor Recovery: DTI

7.1. Introduction

An impaired upper limb function is one of the mastious disabling
sequent of stroke. Therefore, predicting the exeémhotor dysfunction in the
hemiplegic upper limb is important for stroke reiitdision. Many studies
have attempted to predict the prognosis of the peratic hand following a
stroke using clinical assessment, electrophysi@gstudies or brain imaging
methods as mentioned in prior Chapters. Of theouarbrain imaging methods,
diffusion tensor imaging (DTI), a relatively new MRechnique, allows the
orientation and the integrity of the white matteacts to be determined by
virtue of its ability to image water diffusion claateristics [1]. In the normal
white matter, water molecules move relatively fygedrallel to the nerve fiver
tract, but their movements are restricted acrosdrtcts, causing the diffusion
anisotropy (DA) of the white matter. In MR diffusiofractional anisotropy
(FA), relative anisotropy (RA), the volume ratioRY, and lattice index (LI)
are commonly used to characterize the DA of a¢ig&li Among them, FA is
most widely referred as an anisotropic index. Auesis considered to be fully
isotropic when its FA is equal to 0, and fully arepic when its FA equal to
1.

An impairment of water diffusion in the white mattieacts may be
correlated with the degree of damage to its strectDTI can provide a
guantitative measure of DA, and thus it can be usedbtain quantitative
information about the microstructural integrity the white matter tracts [3].
Since the introduction of DTI, several studies halewn that DA impairment

may be correlated with motor dysfunction in strplegients [4]. However, few
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studies have shown that the degree of impairmebBtfoin the early stages of
stroke can be used to predict the motor outcontesofiparetic upper limb in
stroke patients [5, 6].

3D white matter tractography is a powerful approashanisotropic
diffusion using DTI data set. Fiber white tract majan be created, based on
similarities between neighbouring voxels in thepghand orientation of the
diffusion ellipsoid, and can be used for in anaysi axonal networks in the
brain [7].

Some studies on human stroke analyzed invariantsoanpy
demonstrated the reduced diffusion anisotropy intemmatter ischemia [8, 9].
It is of interest, however, whether stroke affertamportant axonal projection
such as the corticospinal tract when neurologiceficds suggest its
involvement. Precise imaging localization of stralenforces neurological
findings, and demonstration of stroke and neurdihar tracts on the same
images might be helpful. 3D white matter tractogsaman used to show
axonal projections and other brain components sanabusly, but previous
discussions have rather been confined to techaggcts in healthy subjects.

Therefore, the aim of this Chapter was to measiffestbn anisotropy
to examine changes of FA of chronic stroke patibetore and after 6-week
training with the BSAT. In addition, we examinedaolges amount of fiber
tracking using 3D white matter tractography befanel after 6-week training.
Finally, we determined the correlation with thesgameters and upper-limb

motor function recovery.

7.2. Background

7.2.1. Diffusion Tensor Imaging (DTI): Principles
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Diffusion tensor imaging measures the water diffosiensor using
diffusion-weighted pulse sequences sensitive toroagopic random water
motion. The resultant diffusion-weighted images (P\isplay and allow for
quantification of how water diffuses along axes diffusion encoding
directions. In the simplest case of a single diffassalue (D), the DWI signal
intensity (S) that results in a pixel following digption of the diffusion
gradients is S = sxp(-bD), which requires the signal intensity i ttame
pixel from a different image with no diffusion gradt applied (So) and b, or
the gradient “b value,” which is a function of tiéfusion sensitizing gradient
strength and duration. Single diffusion value (Bh ¢hus be easily calculated
from the DWI and a non- diffusion-weighted referemmage.

White matter may exhibit remarkable differences diffusion,
depending on which direction the diffusion sensitizgradients are applied
and also on the direction of the white matter sraataged [1]. Diffusion-
weighted images are bright where diffusion (measuas the apparent
diffusion coefficient [ADC]) is small and dark wheediffusion is greater. As
shown in Figure 7.1, the splenium of the corpusosam, in which the tracts
are oriented in the left-right direction near tlemter of the image, gets dark if
the gradients are in the left-right direction, girtbe ADC is large along that
direction; however, the same region is bright & dradients are in the front-
back direction, perpendicular to the tract, sirfeediffusion is reduced in that
direction. This demonstrates that water diffusianthe brain is anisotropic;
that is, water diffusion is constrained by micrqsccstructures such as myelin

sheaths and white matter tracts. This resultsdinextional diffusion of water.
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Figure 7.1. Diffusion-weighted images in which Imtier regions indicate
reduced diffusion values, showing the effect offedtdnt directions for the
diffusion sensitizing gradients. The splenium a tlorpus callosum is aligned
mainly with the x direction and has a large diftusicoefficient in that
direction. It is thus dark when the gradients ar¢he x direction (upper left).
When the gradients are perpendicular to the x timec(upper right and
below), the central region is bright, since diffusiis reduced in those
directions.

The simplest model of such a phenomenon is to thirtke diffusion in
each image pixel as being like a footballshapegpssid that is tilted in
different directions, depending on the local diituscoefficients (Figure 7.2).
The ellipsoid has three principal diffusion valuéxst, D2, and D3, which
correspond to the diffusion of water in three mdirections. If the tissue is
isotropic and water can freely diffuse, then D1 2 B D3. Otherwise, the
tissue is anisotropic with the convention that Blthe largest diffusion
coefficient, D1 > D2 > D3.
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Figure 7.2. Diagram of the diffusion ellipsoid showg the principle
diffusivities: D1, D2, and D3. The eigenvectors #re arrows that point along
the direction of D1, D2, and D3. The ellipsoid stated from the scanner
coordinate system (X, Y, Z) by anglgs 6, @).

For an oriented, anisotropic tissue, such as widdter, cartilage, or
myocardium, there will be one direction, such asnglthe axon in white
matter, where water has the largest diffusion eoefit. There will be less
diffusion along the other directions. Although adtdissue is much more
complex and may be oriented in more than one naljection, this model has
proven useful to better describe the propertiesriehted tissues [2].

If the diffusion ellipse is oriented such that Blalong the x axis, D2 is
along the y axis, and D3 is along the z axis, thendiffusion coefficient (Dx)
measured with a diffusion gradient along the x axlsbe Dx = D1 and Dy =
D2 and Dz = D3. In this simple case, the diffusiensor D) is described as a
matrix:
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D1 O O
D=| 0 D2 0 (7_1)
0O O D3

The values D1, D2, D3 are the eigenvalues of theae There are also
three eigenvectors of the matrix that describevieors pointing along the
principal directions of diffusivity. The form of ¢hmatrix is simple, since the
natural coordinate system of the ellipse is align&th the scanner coordinate
system. In the above case, the three eigenveatorsglong X, y, and z.

The ellipse in a given pixel is described in tharser coordinate system
so we have a common coordinate system for each, @xee the diffusion
tensor may rotate to different angles in diffengixels. This might be the case
for a white matter tract that rotates as it movesnfpixel to pixel. Rotations
alongp, 6, andg@ result in a rotated matriXDf). Rotation of specific angles,

such a®, is accomplished using a rotation matrixfR(

Dr = RO)R@R(p)DR™ ()R (#)R™()
Dxx Dxy Dxz

=| Dxy Dyy Dyz (7.2)
Dxz Dyz Dz

The elements of the matrix are functions of thegiodl values D1, D2,
and D3 and the rotation angles. The eigenvectangzhwvalways point along
the major diffusion directions, would now also béated.

Thus, in general, there are six quantities to beutated in each pixel:
the diffusivities D1, D2, and D3 and the rotationgkes p, 6, and 6 that

describe the direction of the eigenvectors. Thesaswres depend on the
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gradient b value, which is a function of the difeus sensitizing gradient
strengths and duration; in a diffusion tensor situm this is expressed as a
gradient b-value matrix b). Diffusion tensor measurement requires that
images be acquired with six different b-value neasb. In addition, a seventh
measurement is required with no diffusion weightiogprovide a reference
measure of signal intensity without a diffusiondjest (So) [2]. These seven
measurements are the minimum needed to calculatéuthdiffusion tensor,
although more are often used to improve the stglwh the calculation. It is
important that the measurements be taken with gnadiirections that are
independent and not coplanar. The gradient dinectscheme” used for
calculation can differ among various MR scanner wuf@cturers. It is
important to know what directions were used to prbp calculate the
diffusion tensor. A popular way to distribute thedjent directions is to use
vectors in which the endpoints are uniformly dmited on a sphere centered
at the origin. With other models, other schemespassible. In a cylindrical
model of diffusion, we would have the simplifiedseathat D1 > D2, D3 and
D2 = D3. In this case, only four measurements aeslad [7].

Once a gradient direction scheme has been chosdn saitable
measurements taken, the diffusion tensor eigenvedlieulation will yield
values of D1, D2, and D3 and the three eigenvedt@scorrespond to these
diffusion values in each pixel. The ADC value incleapixel is easily
calculated as ADC = (D1+D2+D3)/3 = Trade)(3. It is an interesting result
of the mathematics of tensors that the Trace imaariant, or the same in all
coordinate systems. Thus, the ADC calculated tlag i independent of head
rotation, for example.

There are several different proposals on how toutalle the anisotropy
(A) in a pixel (Table 7.1, Figure 7.3) [8, 9]. Teanplest measure is the ratio
A = D3/D1, where the minimum eigenvalue is dividgdthe maximum value.
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Table 7.1. Anisotropy measures.

Anisotropy Measure Formula Comment
; ; _ [3 [(D1-D)? +(D2-D)? +(D3-D)? Independent of
Fractional Anisotropy (FA) - FA= \E\/ DI’ + D2* + DF sorting of eigenvalues
: ; _ [1 |(D1-D)? +(D2-D)* +(D3- D)? Independent of
Relative Anisotropy (RA) RA—\E\/ 2 sorting of eigenvalues
Volume Ratio (VR) VR= Dl[Df[D3 Independent of
D sorting of eigenvalues
Minimum/Maximum _D? Dependent of sorting
: A=— )
Ratio (A) D! of eigenvalues

D=Apparent Diffusion Correlation (ADC)=(D1+D2+D3)/3

Isotropic material would have A = 1 and anisotropiaterial would
have A <1. Such ratios depend on “sorting” the mgdues into size order,
which can introduce a bias that is avoided by sgrindependent measures [8].
Most authors have begun to use fractional anisgt(6@) due to its simple

scaling between 0 and 1 and its use of all of ihernvalues.

Figure 7.3. Images illustrating various ways of regging the diffusional
anisotropy. The upper left image shows the appadéifiision coefficient
image. Other images, showing anisotropy, are the od the maximum and
minimum eigenvalues of the diffusion tensor (uppght), the volume ratio
(lower left), and the fractional anisotropy (loweght).
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It is also of interest to display the directiontbé eigenvectors in each
pixel to visualize the fiber directions. Authorsvbealisplayed small lines [&p
indicate the projection of the principle eigenveainto the plane of the picture,
small ellipsoids [1] to show all of the directiorasd color map schemes [2],

where different hues indicate different directions.

7.2.2. Diffusion Tensor Tractography: Principles

7.2.2.1. Reconstruction Algorithm

The 3-D tract reconstruction was performedhgisihe FACT (Fiber
Assignment by Continuous Tracking) method (Figus®),Avhich performs a
straightforward linear line propagation based oe ¥h vector angle. An
anisotropy threshold of FA > 0.2 was used, whike d@hgle of progression was
restricted by using an inner product of more thafb (etween consecutive
eigenvectors [10].

Figure 7.5 shows a schematic diagram of the fieeomstruction process.
Suppose there is a tract with structure shown igufe 7.5A. DTI
measurement provides the fiber orientation inforomashown in Figure 7.5B.
For fiber reconstruction, a tract of interest firsteds to be identified and
marked by a region of interest (ROI). Two possitdeonstruction approaches
are demonstrated. In first, the so-callé@m-ROl approach (Figure 7.5C),
tracking orientates from the ROI. The ROI contaaméy one pixel and, as a
result, only 1 line is produced in tidom-ROVI” approach, which restricts the
labeling to merely a segment of the tract. In theosd, so-calledbrute-force
approach, all pixels are visited and examined dhttacts originating from
such pixels and penetrating the ROI are trackeds &pproach is much more

time-consuming but leads to more comprehensivaeaiion of the tract.
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Figure 7.4. Schematic diagram of FACT fiber tramtanstruction based on
DTI data. Once the fiber orientatiom) is estimated at each pixel, putative
projections are traced by propagation a line aldhg estimated fiber

orientations. The propagation terminates eitherrwiteenters an area with

anisotropy lower than a threshold (A: dark boxesyvben the trajectory has a
turn judged as too sharp by an inner product betwee connected pixels (B).
In FACT, both criteria are applied (C).

7.3. Materialsand Methods

7.3.1. DTI Acquisition

Stroke patients in section 3.2 of Chapter 3 werdqgpaated in this study.
DTl was performed before and after the 6-week ingirprogram with the
BSAT. For the anatomic image, conventional T2-w&ghimages were
acquired, and a single shot spin echo planner mgaDiT| sequence was used
to produce diffusion tensor images. For diffusi@ngor imaging, 33
contiguous axial images were acquired at the iatecapsule level and the
imaging parameters were: TR/TE/NEX=12000ms/93msglice
thickness=4mm, matrix= 256x256, FOV= 250x250mand b=1000s/mfn
Fractional anisotropy (FA) maps were obtained bpausiTVII, Version 1.72
(VOLUME-ONE, University of Tokyo Hospital, Tokyoapan).
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Figure 7.5. Principles of tract reconstruction gsthe “from ROI” and the

“brute-force” approaches. (A) Example of a tracusture with 2 branching
points. (B) Results of DTI measurement, a vecteldfithat shows the fiber
orientation at each pixel. A bold box shows thetamécal landmark where a
ROI is defined. (C) Results of the tract recongtamcusing the “from ROI”

approach, in which tracking is started from the RDiis generally leads to an
incomplete delineation of the tract. (D) Resultghad “brute force” approach,
in which tracking is started from all pixels. Sealemitiation (seed) pixels
from which the tracking can lead to same ROI araalestrated. (E) Results of
actual tracking using the cerebral peduncle aseaerece ROI. The left and
right panels show results for the “from ROI” andte force” approaches,
respectively.
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7.3.2. ROI (Region of Interest)

The FA for analyzing to extent of the injured coopinal tract was
determined by measuring the region of interest jRi®the FA map. The FA
was measured in the posterior limb of the intercapsule (Plic) in an
unaffected site (a) and in the affected site (IguFe 7.6). The Figure 7.7 show
two-dimensional atlas of brain white matter. Thigiip to the internal capsule
at the affected site was determined by calculategratio of the affected site
to the unaffected site using both FAs. In other dgorthe FA ratio was
calculated from ‘FA ratio (FAR) (%)=b/ax100’, andchig reflected the

conserved FA level of the affected site’s postdiinb of the internal capsule.

7.3.3. 3-Dimensioan| Fiber Tracking

From the DTI, brain fiber tracking was performedingsthe free
software Volume-One and TVII (VOLUME-ONE, Univergitof Tokyo
Hospital, Tokyo, Japan) to composed the tractographe seed area was set
as the ROI was drawn around the posterior of ttexnal capsule on the axial
image of the axially reformatted FA map. Fiber kiag was stopped when the
FA values was <0.18. On these images, injured rdrees of the affected site
could be compared to those of the unaffected siirnensional visualization.
We measured the amount of seed point, tract lireay dine in ROIs of the

affected site and unaffected site, respectively.
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Figure 7.6. T2-weighted MR images (A), axial fraotl anisotropy (FA)
maps (B) and axial color maps (C) showing the iocat of typical regions of
interest used in this study. On diffusion tensorage it reveals deceased
signal intensity on posterior limb of internal cajes(arrow head) and it means
decreased fractional anisotropy of that lesion.if@rnal capsule, CC: corpus
callosum.
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Figure 7.7. Two-dimensional atlas of brain whitetterain axial color map.
acr: anterior corona radiate, alic: anterior limbtle internal capsule, atr:
anterior thalamic radiation, cc: corpus callosuny: «ingulum, cpt:
corticopontine tract, cst: corticospinal tract, exxternal capsule, fminor:
forceps mimor, fx: fornix, gcc: genu of the corpeallosum, ifo: inferior
fronto-occipital fasciculus, ilf: inferior longitudal fasciculus, plic: posterior
limb of the internal capsule, ptr: posterior thalkanradiation, rlic:
retrolenticular part of the internal capsule, s#uperior longitudinal
fascisulus, ss: sagittal stratum, str: superiotath& radiation, tap: tapetum,
unc: uncinate fasciculus.
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7.3.4. Statistical Analysis

In order to illustrate the impact of a stroke oa tmaffected hemisphere
of the patient group, the FA in the Plic was alseasured in the unaffected
hemisphere.

To investigate changes of the FAR and white mdibar tract before
and after training (at 6 weeks of training using BSAT), one-way repeated
ANOVA was used. Spearman’s correlation coefficiedescribing the bi-
variate relationship between FA ratio and motoovecy were calculated. In
addition, we estimated the correlation with the ant®f draw line and motor
recovery in white matter fiber tracking. An alplevél of <0.05 was used as

the level of significance.

7.4. Results

7.4.1. Changes of FA Ratio Before and After the Training

Table 7.2 shows FA ratio before and after the inginvith the BSAT. In
all patients, the FA ratio significantly increasadter the training
(p<0.05).

7.4.2. Correlation Between FAR and Motor Recovery

The relationship between FM and FA ratio of thegras was examined. As
shown in Figure 7.8, the FM of patient 6 was thedst at 15 and 22 points
before and after training, respectively, but FAReasured by 55.00% and
62.38%, was not lower than patient 3, 7, and 8.tl@nother hand, patient 6
had the lowest FM at 15 points, but higher FAR tipatient 3, 4, 7, and
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Table 7.2. Changes of FA ratio before and afténitng with the BSAT.

Before After

Patlent — naf FAafl,  FAR (%) FAunal, FAaff, FAR (%) O R
1 0.61 0.33 54.10 061 041 6721 131
2 0.62 0.34 5484 062 048 7742 2258
3 0.66 0.25 37.88 066 035 5303 1515
4 0.65 0.25 38.46 066 032 4848  10.02
5 0.60 0.49 81.67 058 050 8621 454
6 0.60 0.33 55.00 061 038 6230  7.30
7 0.62 028 4516 068 039 5735 1219
8 0.62 028 4516 069 036 5217 701

Mean  0.62 0.32 51.53 064 040 6302 1249

unaf.=unaffected side, aff.=affected side, FRA=iawal anisotropy ratio
((affected side FA/unaffected side FA) x100), dFARst FAR-initial FAR.

8. FA ratio from the initial and final DTI did nehow a linear correlation with

motorimpairment.

Figure 7.9 shows the relationship between theainFA ratio and the
upper-limb motor recovery after 6-week traininghwihe BSAT. In patients 5
and 6, whose initial FA ratios were 81.67% and 6%0respectively, motor
recovery was not found in the upper limb, with ssoof 6 and 7 points,
respectively. Initial FA ratio did not show a limeeorrelation with motor

recovery.

However, in patients with higher change of FA raliike patients 2 and
3, motor recovery was greatly improved by 21 andpaidts, respectively. A
significant correlation was found between the cleand) FA ratio and the
motor recovery in the posterior limb of IC (r=0.8850.002) (Figure 7.10).
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Figure 7.8. The relationship between the fracti@rasotropy ratio and FM is
graphically represented. The FA ratio did not sleoproportional relationship
to FM scores.
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Figure 7.9. The relationship of the initial fractad anisotropy ratio to the
extent of improvement after 6weeks training is espnted. The extent of
improvement was calculated by subtracting the scorenitiation from the

score after 6 weeks. The initial FA ratio is nobgortional to the extent of
improvement.
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Figure 7.10. The relationship of the fractionalsatiopy ratio change to the
extent of improvement after 6weeks training is espnted. The initial FA
ratio change is proportional to the extent of inyarent: the higher change of
the FA ratio, the larger the extent of improvement.

7.4.3. Three-Dimensional Fiber Tracking Analysis

Table 7.3 shows the amount of fiber pass throughh#fore and after
the training with the BSAT, when seed point wereced as 161 point. In all
patients, the fiber tracking ratio (FTR) signifitignncreased after the training
(p<0.05).

7.4.4. Correlation Between FTR and Motor Recovery
Figure 7.11 shows the relationship between the fitaeking (FT) ratio
and FA ratio before and after 6-week training viite BSAT. A significant

correlation was found between the change of FToratid FA ratioin the
posterior limb of IC (r=0.80, p=0.001).
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Table 7.3. Amount of fiber pass through plic befared after the training
with the BSAT (seed points = 161).

Before

After

Patlent —rnaf  FTaf.  FTR (%) FTunal, FTaf. FTR(%) O 'R
1 161 73 45.34 161 110 6832  22.98
2 161 89 77.02 161 150 9317  37.89
3 161 69 42.86 161 113 7019  27.33
4 161 52 32.30 161 98 60.87 2857
5 161 115 71.43 161 143 8882  17.39
6 161 63 39.13 161 109  67.70 2857
7 161 53 32.92 161 94 58.39 2547
8 161 62 38.51 161 101 6273  24.22

Mean 161 7200  47.44 161  114.75 7127 2655

unaf.=unaffected side, aff.=affected side, FTA=fileacking ratio ((affected
side FT/unaffected side FT) x100), dFTR= last FhRal FTR.
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Figure 7.11. The relationship of the fiber trackimgtio and fractional
anisotropy after 6weeks training is representece €ktent of change was
calculated by subtracting the ratio on initiatisonh the score after 6 weeks.

The change of FT ratio is proportional to the cleaofjFA.

Figure 712 shows the relationship betweehe fiber tracking (FT)

ratio and the upper-limb motor recovery after 6-kveaining with the BSAT.

In patients 1 and 5, whose initial FT ratios wer298% and 17.39%,

respectively, motor recovery was found in the upipeb, with scores of 9 and

6 points, respectively. Therefore, FTR show a linearelation with motor

recovery (r=0.87, p=0.05).
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Figure 7.12. The relationship of the fiber trackirgio to the extent of
improvement after 6weeks training is representée @xtent of improvement
was calculated by subtracting the ratio on inatifrom the ratio after 6
weeks. The FT ratio is proportional to the extdritrgprovement.

Figure 7.13~7.16 show 3-dimensional tractogyapefore and after 6-
weeks training with the BSAT. Tactography showsdbeicospinal tract form
various angles such as the axial, sagittal andnabraiew. In eight patients,
3D fiber tract maps showed corticospinal tract lose proximity to the
hemorrhage but not to pass through it. Before thaihg, there was little
corticospinal tract in the affected side relatieethe unaffected side in all
patients. After 6 weeks trainng, almost all sidethe corticospinal tract were
conserved in Patient 2, 5, and 8, although there avéittle displacement by
hemorrhage. The conservation of the corticospiradttby motor cortex did

not correlation with the motor recovery.
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Before Training

Figure 7.13. Tractography in Patient 5, A: axialwe@ighted image, B: 3D
tractograpy superimposed on an axial color map, 3D. tractograpy
superimposed on an axial FA map, D: 3D tractogsyperimposed on a left
sagittal color map, E: 3D tractograpy superimposeda right sagittal color
map, F: 3D tractograpy superimposed on a cororat coap.

Corticospinal tract of the affected side: red lingsaffected side: yellow lines.
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Before Training

Figure 7.14. Tractography in Patient 6, A: axialwe@ighted image, B: 3D
tractograpy superimposed on an axial color map, 3D. tractograpy
superimposed on an axial FA map, D: 3D tractogsyperimposed on a left
sagittal color map, E: 3D tractograpy superimposeda right sagittal color
map, F: 3D tractograpy superimposed on a cororat coap.

Corticospinal tract of the affected side: red lingsaffected side: yellow lines.
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Before Training

Figure 7.15. Tractography in Patient 7, A: axialwe@ighted image, B: 3D
tractograpy superimposed on an axial color map, 3D. tractograpy

superimposed on an axial FA map, D: 3D tractogsyperimposed on a left
sagittal color map, E: 3D tractograpy superimposeda right sagittal color
map, F: 3D tractograpy superimposed on a cororat coap.

Corticospinal tract: of the affected side: red $inenaffected side: yellow lines.
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Before Training

Figure 7.16. Tractography in Patient 8, A: axialwe@ighted image, B: 3D
tractograpy superimposed on an axial color map, 3D. tractograpy

superimposed on an axial FA map, D: 3D tractogsyperimposed on a left
sagittal color map, E: 3D tractograpy superimposeda right sagittal color
map, F: 3D tractograpy superimposed on a cororat coap.

Corticospinal tract: of the affected side: red $inenaffected side: yellow lines.
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7.5. Discussion

It is well known that the corticospinal tract issestially required for
the fine motor activity of the hand, and that motecovery of the hand is
correlated with the amount of the functional carsiginal tract [11, 12]. Figure

6.17 show pathway of the corticospinal tract.
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Figure 7.17. Fibers that orientate in the primagtan cortex and terminate in
the ventral horn of the spinal cord constitute gniicant part of the

corticospinal tract. The same axons are at vapourgs in their projection part
of the internal capsule, the cerebral pedunclentedullary pyramid, and the
lateral corticospinal tract.

The FA is a popular index to quantify degree of,2Ad has been used
as an indicator of white matter integrity at theerastructural level [3]. In this
study, the FA in the affected side was significarsinaller than that in the

unaffected side.
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Several investigators have tried to demonstratettigamicrostructural
abnormalities, such as the degree of DA impairnrerfiect motor dysfunction
at the time of DA evaluation in stroke patients 18]. More recently, the role
of DTI as a potential marker to predict motor omeoin stroke patients has
been suggested [5, 6]. Watanabe et al. [5] denasstrthat a three
dimensional axonograph using the DTI method in éhdy stages of stroke
may be useful to predict the prognosis of motorcfiom. The FA of the
unaffected side in hemiparetic patients was sigaily smaller than that of
control subjects. Reasons for this phenomenon ntighthe inter-hemispheric
influence of the motor system or the immobilizateffect. Many studies have
demonstrated that the affected motor cortex camecafthe unaffected
contralateral motor cortex via transcallosal pathaaby some other pathways
[6]. Schmithorst and Wilke [14] have demonstratiest the long-term forced
use of a hand can increase the DA of white maiterg et al. [15] and Cho et
al. [16] demonstrated the degree of impairmentiffuslon anisotropy during
the early stages of stroke appears to have thengmdté¢o predict motor
outcome.

3D white matter tractography, the first methduch allows us to show
axonal projections non-invasively in living humaairygs, is currently being
used to assess normative functional connectionpliégtion to certain types
of pathology such as brain tumors or stroke haegsib [17, 18].

We showed the corticospinal tract repeatedly anehnsgtrically in
involved of uninvolved hemispheres. Its cause wassistent with anatomical
descriptions, and we inferred that what we werensig did indeed represent
the corticospinal tracts and that 3D white mattectbgraphy was thus suitable
for demonstrating it. The technique provided unigquermation which could
not be obtained from axial images alone, displayirgycorticospinal tract and

infarcts or hemorrhages simultaneously, so thairthelvement of the former
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could be assessed by eye. This may be useful akestiwhich frequently
affects the internal capsule and corona radiatee ®hserved correlation
between involvement of the tract and prognosiscatgis that amount of fiber
tracking relationships of the corticospinal tragtan infarcts or hemorrhage

might affect with recovery of motor function.

In this Chapter, we demonstrated both FA ratid FT ratio in DTI were
significant increase after 6 week training with B®AT. In addition, changes
of FA ratio and FT ratio show a linear correlatiaith motor recovery.
However, some technical limitations should be notéte used 256x256
matrix in plane resolution and 4 mm, contiguousedifor DTI, leading to
substantial orientations volume averaging of midtifibers with different
orientations in a voxel for which interpolation ¢euot compensate. The tract
shown reflects only major trajectories with aburidiimer bundles and does
not necessarily represent the whole tract. We drétbe corticospinal tract
based on its known anatomical charateristics. Wiratshowed seemed to
correspond reasonably with the corticospinal traat, we have to recognize
there is no any other noninvasive way of validatihig; the tract could be
incomplete or incorrectly traced. Accurate trackisgmore difficult in the
brain stem because of both susceptibility and fipessing. Using high in-plan
resolution and thin slice images may be one waptee these problems, but it

takes longer and is more subject to motion artfact

In DTI, despite these limitations, the clinical ations we have shown
are encouraging. Although further studies are néedeseems likely that
favorable recovery of gross motor functions could dxpected in patients
without obvious involvement on 3D white matter tcagaphy. The technique
seems suitable for qualitative assessment of datmé@ or spatial
relationships of the corticospinal tract an infarat hemorrhages, which might

be helpful in prognosis of patients with stroke.
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8. Summary: Conclusion and Per spective

In this dissertation, motor recovery of upper-lifumction in chronic
hemiparetic patients after 6 week motor traininghwa bilateral symmetric
arm trainer (BSAT) was evaluated. For this studg,used various techniques,
which measure clinical assessment such as FMA, MNMT, EMG

characteristics and neuroimaging methods such &3 &vid DTI.

Clearly, there are abundant neurophysiological meisms through
which bilateral excises may facilitate stroke reliaion. A considerable
amount of redundancy in the central nervous sygtermits neural plasticity
post-stroke. Based on these facts and many litestuve designed bilateral
symmetric arm trainer (BSAT) system, which providesth handles with
symmetrical motions such as forearm pronation/saatn or wrist
flexion/extension. Eight chronic stroke patientsravérained with the BSAT
during 6 weeks.

Clinical evaluation such as FM, MAS and MMT haveeeused
extensively to quantify motor recovery. The aboumical scales, offer
gualitative information, but lack temporal and meteaminer reproducibility
and suffer from a clustering effect that most @& fatients are grouped within
the middle grades. We proposed the onset/offsalydeid co-contraction ratio
methods in EMG during isometric movements of strpkéients. Functional
magnetic resonance imaging (fMRI) provides the icakt reorganization
induced by physical interventions in hemiplegicigats. In addition, diffusion
tensor imaging (DTI), a relatively new MRI techngguallows the orientation
and the integrity of the white matter tracts todstermined by virtue of its
ability to image water diffusion characteristics this dissertation, we

evaluated motor recovery using these technologas] examined the
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correlation with each parameter (clinical assessspamest/offset delay, co-
contracion ratio, LI, FAR and FTR) and motor reagvef the chronic stroke

patients.

In summary, results of the present study tsinevn the following:

1) BSAT improved upper limb motor function and apiin all three patients
with chronic hemiparesis. In this study, the clalienotor impairment and
physical disability, as measured by the FMA, MMToms increased
significantly; 2) Affected hands showed signifidgntiecreased onset/offset
delays in muscle contraction after the 6-week inginCo-contraction ratio of
agonist and antagonist muscles also significargbrehsed after the 6-week of
training; 3) Main changes in cortical activationafiected or unaffected hand
movements were a decrease in ipsilateral SMC, arease in contralateral
SMC and ipsilateral CRB. Bilateral movement cleadiijowed cortical
reorganization in bilateral SMC, PMA, SMA and CRIB. addition, LI was
significantly increased in affected hand movemeftératraining. 4) DTI
studies also demonstrated that FA ratio and amaiufiber tracts run through
corticospinal tract significantly increased aftke tiraining. 5) It seemed that
the cortical reorganization was induced by the ékameaining with the BSAT.
6) Finally, in all parameters proposed this stualgignificant correlation was
found between these parameters (clinical assesspamst/offset delay, co-

contracion ratio, LI, FAR and FTR) and motor reate®

We could conclude that the 6 week-short term BSKAdrapy produced
changes in motor function and functional organaatf motor network after
stroke, but the clinical assessment, EMG and thes aand pattern of
reorganization were patient dependent. This pl&gtaf the motor network

might be considered as a neural basis for the vgmnent of the affected
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upper-limb by BSAT therapy. The results of thisdsteonfidently support the
effectiveness of BSAT therapy in a clinical settifty providing a

neurophysiological basis for the therapy-inducddat$é on the neural network.
Understanding the neural mechanisms of motor regorey be useful to
improve the current therapeutic strategies of moébabilitation of chronic

hemiparetic patients

The major limitation of this study is the lack ofcantrol group to
receive a conventional treatment. The study doesamswer the highly
relevant clinical question of whether the arm teaircould accelerate and
increase the amount of upper-limb recovery in acutesub-acute stroke
survivors. Also, we do not know the optimal doseB&AT or the number of
joints and movements that need to be practiced &ximize functional
benefits, and therefore, we selected an arbitrdmimistration schedule. It
makes possible the early, intensive, and indiviguadjusted practice of elbow
and hand movement. Another limitation is no simataus measurements
during fMRI study, because EMG measurement in tlagmat is technically
difficult.

Further studies with long-term follow up and precevaluation on the

pretreatment status, degree of functional chamg type and location of the

lesions may give more insight.
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Appendix A. Questionaire for Fugl-Meyer (FM) Score in
Chapter 3

Name:
Pretest date:
Post-test date:

A. Shoulder/Elbow/Forearm in a seated patient

1. Reflex: Biceps
Finger flexors
Triceps
Total (max=4)
0 = no flexion
2 = reflexs present

2. Volitional movement in synergy
1) Flexor synergy: supinated forearm to ipsildtezar with elbow flexed, and shoulder
abducted 99 externally rotated, retracted and evevated.

Shoulder
retraction
elevation
abduction
ext. rotation

Elbow flexed

Forearm supinated

0 = unable to perform
1 = partially perform
2 =full

2) Extensor synergy: from flexor synergy pattabove, adduct and internally rotate the
shoulder, extend the arm, pronate the forearm aadhr for the
contralateral leg.

Shoulder retraction
Elbow elevation
Forearm abduction

0 = unable to perform
1 = partially perform
2 =full

Total (max=18)
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3. Volitional motion mixing dynamic flexor and ertor synergy.

1) Hand to lumbar spine
0 = unable to perform
1 = hand passes ant. iliaoespi
2 =full

2) Flex shoulder 90with elbow

extended and forearm neutral

0 = no flexion
1 = reflexs present
2 =1ull

3) Forearm supination / pronation

(elbow at 9Gand shoulder at°)
0 = shoulder and elbow out off position
and or can’t pronate / supinate
1 = limited pronation / supination with
Correct elbow / shouldesition

2 =1ull

Total (max = 6)

4. Volitional movement with little or no synergypndence.

2 =full

2) Shoulder flexion from 0~ 180

0 = arm abduction or elbow flexed at onset
1 = arm abduction or elbow fléxater in motion
2 =full

1) Shoulder abduction to 90
! (elbow extended, forearm pronated)
' 0 = initial elbow flexion or loss of
' forearm pronation
1 = abduction only in part oeibow
flexion or loss of forearrmopr occurs
_{F%

3) Forearm pronation / supination

(elbow extended, shoulder 80 9C°)

0 = incorrect shoulder and elbow position
or unable to pronation / supination
1 = correct shoulder and elbow position
but only limit pronation / supination
2 =full

Total (max = 6)
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”~

. Wrist

¥
1
ki
K

1) Wrist stability: wrist poison at 25

dorsiflexion with shoulder at’0
elbow at 9&and forearm pronated

0 = can'’t dorsiflexion to above position
1 = dorsiflexion to 1But without against slight resistance
2 =full

2) Wrist flex/ext: repeated full

flex/ext with above elbow,
forearm and shoulder position

0 = no volitional movement

1 = volitional movement but fall range
2 =full

3) Wrist stability: wrist position at

15° dorsiflexion with shoulder flexed and
or abducted, elbow af @nd forearm pronated

0 = can't dorsiflexion to above position

1 = dorsiflexion to 15 but without resistance
2 = can dorsiflex and maintain against slight tesise

4) Wrist flex/ext: repeated full flex/

ext with above elbow, forearm
and shoulder position

0 = no volitional movement
1 = volitional movement but fall range
2 =full

5) Circumduction

0 = no circumduction
1 = jerky or incomplete circduttion
2 =1ull

Total (max = 10)
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C.Hand

1) Mass flexion: flex all finger

0 = no flexion
1 = some but not full active finger flexion
2 = full active flexion compared to the other side

2) Mass extension: from the position of full actofe
passive flexion, extend all fingers

0 = no extension
1 = can release an active mass flexion grasp
2 = full active extension compared to the otheesid

3) Grasp A (hook grasp): extend the MCP joint
and flex PIP and DIP joints of digits 2~5, testgpragainst resistance

0 = position cannot be attained
1 = grasp is weak
2 = grasp maintained against strong resistance

4) Grasp B: radial grasp
(thumb to Stside of 2% digit)

0 = cannot perform
1 = paper between the thumb and second metdcampae kept in place but not with resistance
2 = paper held well against tug

5) Grasp C: pincer grasp (oppose thumb pulpa apgains
(pulpa of the second finger and pendihisrposed)

0 = cannot perform
1 = can hold pencil but not with resistance
2 = pencil held well against resistance

6) Grasp D: grasp a cylinder with volar surface of
the T and 2%fingers

0 = cannot perform
1 = can hold but not with resistance
2 = held well against resistance

7) Grasp E: spherical grasp

0 = cannot perform
1 = can hold but not with resistance
2 = held well against resistance

Total (max = 14)
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D. Coordination / speed : Finger to own nose in rapid succession 5 timesgdtfiblded.
Measure time and compare wfiposite side.

1) Tremor

0 = marked tremor
1 = slight tremor
2 = no tremor

2) Dysmetria

0 = pronounced or unsystematic dysmetia
1 = slight and systematic dysmetria
2 = no dysmetria

3) Speed

0 = at least 6 seconds slower on the affected EE the unaffected
1 =2 to 5 second slower on the affected UE
2 = less than 2 seconds different

Total (max = 6)

UE Total (max = 66)
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