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Abstract

In view of the great impact of stroke, the need anportance of good recovery
has been highlighted. Currently, based on the ecie® stating the potential for
neuroplasticity and its relation to stroke recoyerg restorative and
neuroscience-based approach to stroke rehabilitagicch as motor imagery training,
has been developed and recommended to the redtbilispecialists. However, the
mechanism of the shaping of neuroplasticity intrefato stroke recovery is still not
fully understood. In addition, a number of factssach as the extent of damage in
influencing the structural and functional brainwetks, have been identified to have
certain impact on the potential for neuroplastictyd the capacity for receiving
benefits from rehabilitation. Thus, more understagaf the neural mechanism that
underpins an effective and restorative approactstitoke rehabilitation becomes
necessary and important. The emerging of neuromgatgchniques can therefore
help to study this mechanism of post-stroke regoviagnetic resonance imaging
(MRI), which is one of these techniques, has bé&wa having a great potential to
give important insights into post-stroke recovergcimanisms by providing rich
information on both the structural and functionspects of the brain.

The overall objective of this study is to findtdwww the functional outcomes after
stroke be related to the changes in functional aetsv responsible for motor
execution (ME) and motor imagery (Ml), and the aesin physical structure of the
brain. This study is split into two parts to lookta the features of brain
reorganization and remodeling in patients afteok&rfrom both functional and
structural perspectives, and to correlate thedereswith their functional outcomes.
Part | of this study is going to explore neuralretates of motor impairment during

ME and MI from a functional perspective using fuootl magnetic resonance



imaging (fMRI), while part Il of this study is gainto describe remodeling of
structural connectivity and its correlation with tmoimpairment from a structural
perspective using diffusion tensor imaging (DTI).

In study I, ten chronic stroke patients with Isftbcortical ischemic lesions and
right hemiparetic limbs, and ten unimpaired sulsiegere included. Their cortical
processes were studied when they were asked torgeE and MI unimanually
using their unaffected and affected wrists duriMRf. Laterality index (LI) and
overlap index (Ol) were used to quantify hemisphesymmetry and the spatial
discrepancy of the cerebral activations, respelgtiva study I, one of the stroke
patients was excluded, since the anatomical imé&dki® patient was contaminated
by motion artifacts, which led to failure in subseqt data analysis. One of the
unimpaired subjects with similar age was also ed@tlto match the total number of
stroke patients included in this study. Therefamely nine chronic stroke patients
having left subcortical ischemic lesions and ninenpaired subjects were included
to study the post-stroke structural remodeling Basethe data collected using DTI.
Three connectivity measures (fractional anisotrdf#y, connection weight CW,
connection strength CS) were used to localize iber firacts and areas that were
affected by the lesions.

From correlation results in study |, the supplatagy motor area (SMA), its
activation volume and congruence in functional nanatomy associated with ME
and MI using affected wrist positively correlateithvmotor performance. During
ME of affected wrist, the precuneus, its activatieolume and congruence in
functional neuroanatomy between patient and uniredagroups showed negative
correlation, while in non-primary motor areas, tlemispheric balance of premotor
cortex and the congruence in functional neuroangtofncontralesional inferior

parietal lobule between patient and unimpaired ggoshowed positive correlation
ii



with motor performance. From the results in stuldysignificant positive CS-motor
correlations were found in five common regions i(@sonal precentral gyrus,
ipsilesional rostral middle frontal cortex, ipsi@sal pallidum, ipsilesional amygdala
and contralesional lingual gyrus) before and attartrolling for the bilateral CSTs’
connectivity property. Meanwhile, the CSs of thoé¢hese regions (precentral gyrus,
rostral middle frontal cortex and amygdala) wersodound significantly higher in
unimpaired subjects compared with those in stro&iepts, indicating that these
three regions exhibited weaker connections to dés¢ of the network for the stroke
patients.

From a functional perspective, the non-primaryjtoneelated areas were revealed
to play a critical role in determining motor outoesnafter left subcortical stroke,
which was demonstrated in our stroke patients.aiqular, SMA might be the key
neural substrate recruited during MI, which is Bs@ciation with motor recovery.
From a structural perspective, statistically sigaifiit alterations of neural
connectivity in both the ipsilesional and contraeal hemispheres were shown in
our stroke patients compared to the unimpaired estdyj implying structural
remodeling occurred in widespread areas in bothpbiesional and contralesional

hemispheres.
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Chapter 1 Introduction

1.1 Study Background
111 Prevalence and Impact of Stroke

Stroke is a leading cause of long-term disabilityadult (Paulet al., 2005,
Lloyd-Joneset al., 2010). In every year, there are around 15 milpeople from all
over the world suffering from a stroke (Mackatyal., 2004, Lloyd-Jonest al.,
2010), in which one in six people have a chancgetfing stroke at some time in
their lives. According to the self-reported dat@nir population-based surveys
conducted in Hong Kong, an increasing trend instineke prevalence rates was seen
among the elderly (aged 65 and above) between B 2008. The stroke
prevalence rates increased with age for both mahekfemales, and there was a
tendency for males to have a higher stroke preceleate than females (Department
of Health of Hong Kong Special Administrative Regi@and Department of
Community Medicine of the University of Hong Kong005). Besides, a large
proportion of stroke sufferers also come from thibgag in institutions. Based on
self-reported estimates, the stroke prevalence aateng the elderly (aged 65 and
above) living in institutions was 30.9% in 2008 (Gas and Statistics Department of
Hong Kong Special Administrative Region, 2009). kimg at the current and future
estimates of stroke prevalence, the number of camtgrliving stroke sufferers aged
65 and above could be projected to more than dobbteveen 2010 and 2036,
increasing from 0.04 million to 0.11 million. Theumber of institutional stroke
sufferers aged 65 and above could also be projectattrease from 0.02 million in

2010 to 0.05 million in 2036 (Yet al., 2012). Most stroke survivors are however



commonly left with loss or impairment in one or raf their body functions such
as movement, sensation, language, thinking, meraad/ emotion (Carey, 2012).
Currently, one-third of these stroke sufferers bithpersisting and significant
long-term disability (Barnest al., 2005, Rogeet al., 2011), and further 20% of
them need assistance for their activities of dhiling (Bonita et al., 1997). This
proportion of stroke sufferers with disability idlkept increasing (Carandargyal.,
2006).

Moreover, stroke is a global healthcare probland has a continuous impact on
quality of life (Langhorneet al., 2011). According to the World Health Organization
(WHO) report on the global burden of disease, stnskthe second leading cause of
death and remains among the top six causes of hafddisease in the world. There
is an estimate of 55%-75% of the stroke survivemmained presenting functional
impairments and reduced quality of life after menthr even years of the infarct
(Levin et al., 2009). These continuing disabilities would in ntusignificantly
decrease their life satisfaction (Ostwatdl., 2009), and therefore the importance of
good recovery has been highlighted (Carod-Artal Bgidio, 2009).

In view of the importance of recovery, stroke drees one of the largest
impairment categories for rehabilitation (Carey,l20 In Australia, for instance,
stroke is the third largest impairment categorycoanting for one in ten
rehabilitation cases. The cost has a considerableence on the healthcare settings,
creating a heavy burden of care (Department of tHeal the United Kingdom,
2005). In Hong Kong, over HK$ 1,330 million was spen various stroke services,
including hospitalization, out-patient care, relitdtion service and community
allied health service, of which the largest portioh money was spent on
hospitalization, occupying over 80% of the direcdical cost (Yiet al., 2012). By

2036, the cost is anticipated to increase to apprate HK$ 3,980 million per year.
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At the same time, the cost of institutional caresvaéso found to be significant and
was anticipated to increase by 1.8 times to HK®@,Billion per year, in parallel
with the increase in the prevalence of stroke sefeliving in institutions (Yet al.,
2012).

Although the need of rehabilitation is demanditige outcomes of rehabilitation
are often limited, depended on compensation arahiantions that are not always
evidence-based (Carey, 2012). Currently, given nestdences stating the potential
for neural plastic changes, it is suggested that time window for restoring
capacities and skills through learning-based ampresiis open, giving ongoing hope
for those stroke survivors (Carey and Seitz, 2@0¢hardset al., 2008, Carewt al.,
2011). This time window can be longer than the sstgd “days to weeks for
restoring impairments” and “days to months for tasknted practice with adaptive

learning and compensation strategies” (Langhetrag&, 2011).

1.1.2 Definitions of Recovery and Rehabilitation

Recovery has been used to describe both theraésto of injured structures and
behavioral functions, as well as to characterizedimical improvements (Levigt
al., 2009). Terms such as recovery and compensat®freguently used, and each
term will be interpreted differently for differefgvel of outcome being investigated
(Carey, 2012). It is therefore suggested that 8teyuld be interpreted and qualified
relative to these levels. In parallel with the mtgional Classification of
Functioning, recovery versus compensation has beemmmended to be qualified
according to the levels of health condition (neaipnbody function/structure
(impairment), and activity (disability) (Leviet al., 2009). Besides, other terms are
also used, including restitution or restoration ggrocess to restore the lost or

impaired functionality of damaged neural tissue)psiitution (as a process to
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reorganize the spare neural pathways for relearniost functions), and
compensation (as a process to minimize the digpbetween the impaired skills of
the patients and the actual needs of their livimgrenment) (Finger and Stein, 1982,
Kwakkel et al., 2004). It is recommended that recovery shouldhbasured across a
profile of results from brain reorganization to feemance outcomes (Carey, 2012).
As for rehabilitation, the World Health Organipat defines it as a process
targeted at allowing people with disabilities tohiwe and retain their optimal
conditions from the physical, sensory, intellectuplsychological and social
functional perspectives. Meanwhile, rehabilitatioassists them to attain
independence and self-determination by providirgrtlappropriate tools. Therefore,
the ultimate goal of rehabilitation is “to improv&unction and/or prevent
deterioration of function, and to bring about théghest possible level of
independence — physically, psychologically, sogiadind financially — within the
limits of the persisting stroke impairment” (Dewest al., 2007). From a
neuropsychological perspective, it is suggested thathods such as retraining
existing neural pathways or training new neurahpatys to regain or improve the
lost or diminished neurocognitive functioning, asgically involved during the
rehabilitation of sensory and cognitive functiontefated term, “neurorehabilitation”,
is now emerged and is defined as a clinical subaloof neuroscience that is
dedicated to the restoration and maximization o tlost functions due to

impairments caused by damage to the nervous sy§elizer, 2006).

1.1.3 Neuroplasticity as a Basis for Stroke Rehabilitatio
Neuroplasticity can refer to as the capacity leé hervous system to react to
inherent or extraneous stimuli through structurainctional and connectional

reorganization (Cramest al., 2011). Further, it can occur at many levels raggi
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from cellular to behavioral levels; and “can happkeming development, in response
to the environment, in support of learning, in e to disease, or in relation to
therapy” (Crameet al., 2011). The extent of the brain self-remodelingnecfrom
experience forms the foundation of the brain’s c#pato preserve memories,
enhance functions, and perform daily tasks (Brueg&rmanet al., 2007).
Continuous functional reorganization in the brdiattrepresents a new knowledge
acquired through experiences is needed to leamewnorize the new fact or skill.
This lifelong ability of the brain to adapt based mew experiences and learning is
known as neuroplasticity (Carey, 2012).

There is growing evidence from human and aninadiss showing that neural
plastic changes are associated with stroke recoi&sizer, 2006). Experience has
been highlighted in animal studies as an impor&einent in these neural plastic
changes (Nudet al., 1996). The nature of the experience and whethsrfocused
on repeated performance versus skill acquisitioa fuather explored in a series of
studies conducted by Nudo and his colleagues P&uw., 2000). In their studies,
two behavioral tasks were used to distinguish betwiae mapping of brain regions
associated with motor recovery during the repetitod motor activity and the brain
mapping during the acquisition of motor skills. $la changes in movement
representations in the brain were not induced Votlg repetitive motor activity on
the easier task. Rather, skill acquisition on tifécdlt task could result in neural
plastic changes, involving selective expansionsnozement representations in the
brain. Further improvements in performance anchrchanges in brain mappings
corresponding to the movement were invoked by ekteradditional training on the
more difficult skill-based task. Based on thesdlifigs, neural plasticity can be
driven by learning-based behavioral changes throtrgining. In other words,

rehabilitation may be viewed as a trigger to féaié plasticity, and as a means by
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which neural plastic changes may be shaped to\aheaningful outcomes for the
individual (Carey, 2012). The mechanism of thispshg of neural plastic changes
triggered by rehabilitation is still being explored

Furthermore, more evidences from human studiew shat specific interventions
promote neural plasticity and improved motor recgvater stroke (Hodicst al.,
2006, Carey and Seitz, 2007, Richagtlal., 2008, Stineaet al., 2008). A number of
promising interventions have been developed tdifaie the neural plastic changes
(Carey, 2012). Some of these approaches can beseg@nd explained partially by
preliminary evidence of changes in the brain (Cag§12). For example, motor
imagery (MI) training was developed following theidence of showing it as an
effective way of stimulating the brain regions natlyp engaged in planning and
controlling movements of the paralyzed limb (Wedsal., 1994). The stroke patients
who participated in the mental practice protocolrave@bserved to exhibit an
increased use of their affected limb, as well analsstrate an improved quality of
movement and higher motor assessment scores abtaitex the intervention (Page
et al., 2005).

Numerous factors, however, are identified to hamedmpact on the potential for
neural plastic changes and the capacity to getfilefrmm rehabilitation after stroke
(Kolb et al., 2010), such as the stroke nature and severitt-gitoke duration,
psychological issues, attention and learning abiind capacity of viable brain
networks for plasticity (Carey, 2012). Other fastsuch as structural (Rilest al.,
2011) and functional (Stineat al., 2007) integrity of white matter tracts in motor
recovery and integrity of functionally connectedwearks in attention recovery (He
et al., 2007) have also shown to be critical in promotiogg-term recovery from

stroke, implying a concept that neural plastic gesnrely on the integrity of these



pathways and networks during the process of regosed rehabilitation (Carey,

2012).

1.1.4  Insights from Neuroimaging into Stroke Rehabilitain

Experience can change both physical structureatgamy) and functional
organization (physiology) of the brain (Carey, 2D1Zhere are a number of
modalities and techniques that have been usedutly shechanisms of post-stroke
recovery (Carey, 2012). One of the modalities ignetic resonance imaging (MRI).
MRI can provide information on morphological asge¢.g. brain structure and
volume), anatomical aspects (e.g. white mattegmtieand fiber tract connections),
and functional aspects (e.g. functional brain attbn and functional network
connectivity) of the brain. Therefore, it has padnto give important insights into
the mechanisms of post-stroke recovery (Carey, RF® instance, functional brain
imaging techniques allow us to visualize patteringhe brain activity during motion,
perception, cognition, and emotion (Carey and Se&iti07). Mappings of brain
activation can be used to identify involved braagions and networks, to see how
they differ between stroke patients and healthytrots) and how they might change
over time during the process of recovery or relitatibn (Carey, 2012). Different
patterns of neural plastic change have been rapddkowing stroke recovery
(Carey and Seitz, 2007, Johansen-Berg, 2007, Creinabr, 2011). As an example,
change in location of movement representation enipisilesional hemisphere, shift
in the balance of activity across hemispheres (iecet al., 2007, Grefkest al.,
2008), and involvement of remote locations (Sedtzal., 1999), contralesional
regions (Schaechter and Perdue, 2008) and distdbogtworks (Seitet al., 1998,
Sharmaet al., 2009) that would not normally be recruited, weteserved from

previous studies. Besides, changes in brain streictuch as an increase of cortical
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thickness in the neighborhood of activation (Schéaet al., 2006), and changes in
cortical thickness in the areas that show increasetlvation and clinical
improvement have been reported (Schaecétea., 2006, Gauthieet al., 2008),
providing an evidence of outcome-related structahainge in the stroke patients.
Moreover, the role of intrahemispheric and ingenilspheric changes in recovery
of motor and language functions has been invesiib@Earteet al., 2010), revealing
the importance of interhemispheric adaptations. mFrthese discoveries, the
importance of brain networks rather than localizedions has been highlighted in
stroke recovery (Carey, 2012). Understanding ofnbreetworks and how they are
interrupted following stroke will provide us morefearmation on the behavioral
manifestations of impairment and the manipulatidmeural plasticity in therapy

(Carey, 2012).

1.2 Study Significance and Objectives

In view of the great impact of stroke (rangingnfrindividuals to the society), the
need and importance of good recovery has beenigigéd. Currently, based on the
evidences stating the potential for neuroplastiaity its relation to stroke recovery, a
restorative and neuroscience-based approach teestehabilitation, such as motor
imagery training, has been developed and recomnderidethe rehabilitation
specialists. However, the mechanism of the shapingeuroplasticity in relation to
stroke recovery is still not fully understood. lddéion, a number of factors, such as
the extent of damage in influencing the structumatl functional brain networks,
have been identified to have an impact on the palefor neuroplasticity and the
capacity for receiving benefits from rehabilitatiorhus, more understanding of the
neural mechanism that underpins an effective asstbrative approach to stroke

rehabilitation becomes necessary and important. &inerging of neuroimaging
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techniques can therefore help to study this meshaif post-stroke recovery. MR,
which is one of these techniques, has been showimgha great potential to give
important insights into post-stroke recovery medédms by providing rich
information on both the structural and functionsp@cts of the brain, and is therefore
adopted in this study to help investigate the braarganization after stroke.

In this study, two imaging modalities of MRI wewsed: functional MRI (fMRI)
and diffusion tensor imaging (DTI). Functional MRI a functional neuroimaging
technique that measures brain activity by detectisgociated changes in blood
oxygenation and flow that happen in response taateactivity. This technique
utilizes the coupling relationship between cerebbébod flow and neuronal
activation. Increase in blood flow to a region sserved when that region is more
active. Activation maps can be generated using flidR$how the involved active
brain regions during a particular mental procesE. i® an imaging technique based
on the anisotropic nature of water movement aldrey white matter fibers. The
movement of water molecules is relatively free glaime fibers, but is more
restricted in the direction perpendicular to tHeefs orientation. This phenomenon
thus enables DTI to extract the fibers’ orientatmm a pixel by pixel basis and to
guantify the motional anisotropy using quantitatimeasurements. Here, a number of
guantitative measures, including cluster volumeeridity index and overlap index
derived from fMRI data, and fractional anisotropgnnection weight and connection
strength derived from DTI data, were used to q@arkie activation features and
connectivity features respectively.

The overall objective of this study is to findtdww the functional outcomes after
stroke be related to the changes in functional ad¢sv responsible for motor
execution and motor imagery, and the changes isipalystructure of the brain. This

study is split into two parts to look into the femds of brain reorganization and
9



remodeling in patients after stroke from both fimwal and structural perspectives,
and to correlate these features with their funetia@utcomes. Part | of this study is
going to explore neural correlates of motor impaininduring motor imagery and
motor execution using fMRI, while part 1l of thidusly is going to describe
remodeling of structural connectivity and its ctat®n with motor impairment
using DTI.
Specific objectives of part | of this study ind&u
1. To find out the clinical relevancy of cluster volanof activation in stroke
during motor execution and motor imagery usingcéd limb
2. To find out the clinical relevancy of lateralizatiof activation in stroke
3. To find out the clinical relevancy of congruencefumctional neuroanatomy
between motor execution and motor imagery tasks, bmtween stroke and
unimpaired groups
Specific objectives of part Il of this study indk:
1. To look at the correlation patterns of structurahmectivity properties with
motor impairments for the stroke patients
2. To look at the relationships between the structcoainectivity properties and
the motor impairments after controlling for the GSStructural properties
3. To look at the differences between unimpaired sbjand stroke patients in

connectivity features for those regions with sigpaint correlations
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Chapter 2 Literature Review

2.1 Stroke Epidemiology
2.1.1  Stroke Incidence and Death

Globally, there was an estimate of 16 million pleosuffering from a first-ever
stroke in 2005, with an estimated 62 million peoglevived after stroke (Strorg
al., 2007). If without any interventions provided toese people, this number is
expected to increase to an estimated 23 milliorpleewith a first-ever stroke, in
association with 7.8 million deaths, by 2030 (Syrehal., 2007). Currently, stroke
becomes the second leading cause of mortality waake] accounting for 5.5 million
deaths annually (equivalent to around 9.7% of alitds worldwide) (Strongt al.,
2007).

In developed countries, the stroke incidence nesneelatively high. For instance,
in the United States, 0.8 million individuals suffe stroke annually, with 75% of
them exhibiting first-time attacks (LIoyd-Jonetsal., 2010), in which around 269 in
100,000 people would have a stroke in the UnitedeSt(Williams, 2001). This rate
mirrors the rate in Europe, where the range of ahstroke incidence is between
94.6 per 100,000 people for women and 141.3 per,0000 people for men
(Heuschmanmt al., 2009).

In China, compared with the white populationg thean age of stroke onset was
even younger in Chinese populations (age range706§ears) than the white
populations (age range: 72-76 years) (Bsai., 2013). The age-standardized annual
first-ever stroke incidence was also found higheroag the Chinese than white

populations for the age category of 45-74 yearsidance range 205-584 vs.
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170-335 per 100,000 for Chinese and white populati@spectively), based on the
findings from community-based studies (Te@al., 2013).

As for Hong Kong, from the hospital admissionajathe annual age-adjusted
incidence rates of first-ever stroke among theréldeged 65 and above decreased
slightly from 1410 per 100,000 people in 2000-20601.050 per 100,000 people in
2006-2007 (Yuwet al., 2012). Nevertheless, a higher stroke incidentewas found
to be associated with increasing age, which caneflected in the reported stroke
incidence rates shown in Hong Kong, as well astirerocountries, including the
developed (e.g. the United States, the United KongiJdand developing (e.g. China)
countries (Yuet al., 2012). Moreover, stroke is the fourth major caobeleath in
Hong Kong, in association with around 3,400 deaths result of stroke in 2009,
corresponding to 8.4% of total deaths (Departméndealth of Hong Kong Special
Administrative Region, 2011). Particularly, thereasva gradual increase in the
number of deaths from stroke observed among therlglchged 65 and above
between 2001 and 2009 (Department of Health of H6mmg Special Administrative

Region, 2011), probably owing to the ageing popoitat

2.1.2  Stroke-related Disability

In order to better comprehend the long-term impdcthe chronic and morbid
conditions upon populations, disability-adjustede-fear (DALY), which is a
measure used for reflecting years of healthy of Hue to living with disability and
years of life lost due to premature mortality, hmesen developed (Murragt al.,
1996). The DALY, which integrates the measures earg of life lost (YLL)
attributable to premature death and years of ifedl with disability (YLD), has been
widely used in epidemiological analyses for assesshe overall disease burden.

Lost DALY is regarded as a valuable index of refatifunctionality for the
12



post-stroke survivors. Currently, stroke is asdedawith 43.7 million lost DALYs
worldwide in each year, accounting for about 3.2Palb worldwide lost DALYSs.
Therefore, stroke ranks as the seventh-major cafisest DALYs globally among
people of all ages (Strorgjal., 2007).

By studying the global stroke burden, remarkgidé&terns have come up across
various countries and regions. During the past diecahronic diseases, including
stroke, have accounted for around 85% of entireadis burden in high-income
countries. Therefore, there is a great impact kst upon lost DALYs to those
high-income countries, in which stroke is assodatgth up to 4.8% of all lost
DALYs (Lopez and Mathers, 2006). Furthermore, thisrep to tenfold difference in
the lost DALYs between those countries that aretrand least influenced by stroke.
For example, some European countries (e.g. Swatzérland France) only had
around 200 per 100,000 lost DALYs in 2002, in castrwith approximately 2000
per 100,000 lost DALYs found in some Asian courstri@e.g. Mongolia and
Kyrgyzstan) in the same year (Figure 2.1) (Johnstah, 2009).

In Hong Kong, almost 0.12 million lost DALYs wefeund as a result of stroke
among older people in 2006. The majority of thedearwas owing to disability, of
which around 90% of DALYs was attributed to the G&1million YLDs. The
remaining 10% of the DALYs was attributed to th61& million YLLs from stroke

(Yu etal., 2012).
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Figure 2.1 Rates of age-adjusted and gender-adjusted lost DALY due to stroke. The highest
rates are found in North Asia, Eastern Europe, Central Africa, and the South Pacific
(Johnston et al., 2009).

2.2 Stroke Pathophysiology and Recovery
2.2.1  Overview of Ischemic Stroke Pathophysiology

The pathophysiological mechanism of stroke is giasated, involving a number
of processes, such as glutamate excitotoxicitygatkie stress, lipid peroxidation,
inflammation, blood brain barrier dysfunction, dadkocyte infiltration (Figure 2.2).
These processes are revealed to be involved agsdlgltinked to the incidents in the
pathophysiology of ischemic stroke. These events fmund interrelated and
coordinated, which can result in ischemic necrodigcrosis is morphological
phenomenon with characteristics of initial presgotaof cellular and organelle
swelling, subsequent rupture of plasma, nucleat,aganelle membranes, and later
disruption of nuclear structure and cytoplasmicaogjles with extrusion of cell
contents into the extracellular space (Majno anis Jh995, Broughtomt al., 2009).
Following a short period of a cerebral ischemia tore of brain tissue, which is

exposed to the most severe reduction in blood fleiV,be severely damaged, and
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will undergo necrotic cell death subsequently. Agecof less severely affected tissue
surrounding this necrotic core is rendered funeilynsilent by the reduction in
blood flow but still keeps metabolically active (Ma and Joris, 1995, Broughtah
al., 2009). The region enclosing the infarct coreriewn as the ischemic penumbra.
During the initial phases of ischemia, this penwumndiccupies almost half of the total
lesion volume. It is characterized as a region whikeere is room for salvage through
post-stroke therapy (Ginsberg, 1997). Relativelidriichemia, which appears in the
penumbra area of a focal ischemic infarct, develepatively slow, and it relies on
specific genes activation and may ultimately lea@poptosis (Dirnagét al., 1999,
Lipton, 1999, Zheng and Yenari, 2004). Recent studliave found that the neurons
in the ischemic penumbra, or in the perilesion&aamay experience apoptosis
following several hours or even days, and theretbege is room for the neurons in
the ischemic penumbra to recover within a periddrahe stroke onset. Compared
with necrosis, apoptosis seems a more sequenfatigess of energy-dependent
programmed cell death for disposal of redundans.c€ells experiencing apoptosis
are disassembled from within in a managed way teduces the damage to
neighboring cells (Broughtomt al., 2009). Intrinsic and extrinsic pathways are
suggested as the two general paths for the trigigepoptosis. More information has
been provided from recent experimental studiesitthér characterize the apoptotic

processes happening after ischemic stroke.
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Figure 2.2 Major cellular pathophysiological mechanisms following ischemic stroke. Energy
failure induced by brain ischemia results in neuronal depolarization. Intracellular Ca2+ and
Na+ are dramatically increased by the activation of specific glutamate receptors, while K+ is
discharged into the extracellular space. Edema occurs when water flows into the
intracellular space. The increase in the intracellular messenger Ca2+ activates proteases,
lipases and endonucleases. Free radicals are then produced, leading to the damage to
membranes, mitochondria and DNA, and subsequently driving cell death, and resulting in
the formation of inflammatory mediators. This process triggers activation of JNK, p-38, NFkB
and AP-1 in glial cells, endothelial cells, and infiltrating leukocytes. This culminates in
pro-inflammatory cytokine and chemokine secretion and ultimately results in the irruption
of leukocytes through up-regulation of endothelial adhesion molecules (Woodruff et al.,
2011).

22.2 Overview of Recovery after Ischemic Stroke

Recovery from stroke commences early following isthemia. Recanalization is
one of the important contributors of this spontareeoecovery, which is usually
observed together with rapid cerebral reperfudiois. a determinant of the extent of
salvageable brain tissue and the extent of ischdwam lesion that is under the
threat of ischemia (Figure 2.3). Therefore, theralagical deficits often regress

significantly and shortly after ischemic stroket puwogress subsequently at a slower
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pace for a period up to two years. Beyond the atnge window of around 24 hours,
stroke recovery invokes the processes of neuralirgmd functional reorganization.
For instance, secondary changes such as vasogeeimae and inflammatory
infiltration retrogress instinctively within up ®@weeks following stroke (Saled al.,
2004, Salelet al., 2007). Although there is a huge variance of ntdive post-stroke
recovery over the first three months (Cramer, 20@8& long-term neurological
outcome can possibly be predicted by the neurcddgiatus as early as at day 4 after
stroke onset (Kwakkelet al., 2003, Sprigget al., 2007). The progressive
improvement of performing activities of daily ligrusually occurs within 26 weeks
after the stroke insult (Schepaatsal., 2008, Welmeet al., 2008). Since damage to
both gray and white matter of the brain is usualjgarded as a common
consequence following the brain infarcts, tissysirebecomes a critical step which
attempts to replace the ischemic tissue debris mat-damaged yet functional brain
tissue for each of these compartments. It is sugddbat this substitution may come
from endogenous sources, given the findings froodies on animal models of
stroke. Work in animal studies suggests that pradiion of stem cells in the
subventricular germinal area as well as neural gmiigr cells is observed in
response to focal ischemia (Kokaiaal., 2006, Ohalet al., 2006). They seem to be
controlled by numerous factors such as neurotrophlistances and inflammatory
mediators (Schabitet al., 2007, Pluchincet al., 2008). However, it is likely that
there is only limited capacity for the regenerattdmeuron and lengthy extension of
axon within the brain. It seems that the growtmefirons and axons would stop at
locations of scars within lesions at central nesvgystem (Hermanret al., 2001).

In spite of this, there is still promising evidenitem animal studies that the nerve
fibers may grow with considerable distances fromm-damaged nerve cells in the

perilesional cortex and may become new synapséseat destination (Biernaskie
17



and Corbett, 2001, Frost al., 2003, Dancauset al., 2005). These reorganizational
changes might be associated with clinical recoveryich can be improved by
dedicated rehabilitative training (Nuabal., 1996). However, such reorganizational

processes are slow and may take months to conplgiere 2.3).
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Figure 2.3 A series of events occuring during stroke recovery (Seitz and Donnan, 2010).

2.3 Stroke Neuroimaging

Taking advantages of modern neuroimaging teclesigine human brain structural
and disease-related changes can be visualizegaravid noninvasively. Particularly,
magnetic resonance imaging (MRI) is a noninvasivaging technique that can
capture high resolution images of the human b, therefore it is widely used as
a tool for detecting or investigating the neurotadichanges induced by stroke.
Some specific imaging sequences of MRI, such asugien imaging (Pl) and
diffusion-weighted imaging (DWI), are now commoniged to detect early damages
or adaptations in acute stroke. For example, t#ehemic lesions that are clinically
inactive can be detected by MRI, and this deteati@y act as a predictor of stroke
recurrence (Kangt al., 2006). The stroke lesion patterns as revealeMBYy can

further be supplemented by the data from diffusiamsor imaging (DTI) which is
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able to detect alterations in fiber tracts of calntnervous system. Moreover,
functional MRI (fMRI), which can detect the physigical responses of the human
brain, is also frequently used to study brain @bty in response to specific
paradigm design. This may allow an investigatiobrafin adaptation to the existence
of a lesion to be made, together with deficit congagion, and in response to

relearning.

231 Functional Imaging in Stroke Recovery

A normal activation pattern can usually be remoprogressively in patients
during their recovery processes (Marshall al., 2000, Nhanet al., 2004).
Nevertheless, a bilateral activation pattern iff ptieserved in patients even they
have an excellent recovery (Foltgtsal., 2003, Butefisclet al., 2005). It is now well
established that there are large-scale changesevasled by fMRI, which can
influence the contralesional cortical and subcalttstructures in patients following a
focal brain infarct. Additionally, these changes #&und to be correlated with the
infarct lesion volume. In stroke patients with psromotor recovery of their affected
limbs, as observed from an abnormal electromyogcafifMG) muscle activity, the
bilateral activation pattern was revealed and ssiggkin association with the mirror
movements of the unimpaired hand which possiblyuited the undamaged motor
cortex in the contralesional hemisphere (Figure).2However, contralesional
activations which were not normally recruited iraliey controls were also shown in
patients with excellent recovery. These additiomativities, which involved
activations in premotor cortical areas, are largalgcative of relearning, since the
activation patterns they represented are similahése recruited during procedural
relearning and are transient in nature (Butefisttal., 2005, Sauret al., 2006,

Marshallet al., 2009). Furthermore, tiny activations in the apédhe motor cortex
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(Figure 2.4) were proposed to reflect an activebitibn of the contralesional motor
cortex which is more likely to get excited than maily (Butefischet al., 2005).
Indeed, the mirror movements which are frequenbigeoved initially after stroke
might result from this enhanced cortical excitapilof the contralesional cortex
(Nelles et al., 1998). Notably, the damaged functional system loarinvoked by
specific activation, such as during finger moveraenthemiparesis (Naét al., 2007,
Hummelet al., 2009). Other than the atypical local activatiatt@rns, abnormalities
in the intra- and inter-hemispheric coupling betweertical areas are also revealed

by network analysis of fMRI data.
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Figure 2.4 Activation pattern during sequential finger movements of the impaired hand in
patients who had full clinical recovery following first hemiparetic stroke. Bilateral activation
in brain areas was shown in a patient with associated finger movements as observed by
enhanced electromyographic (EMG) activity in the unimpaired hand (upper panel of the
figure). Another patient with no increased EMG-activity in the unimpaired hand (EMG ratio
= 1) also exhibited increased activity in the contralesional motor and premotor cortex
(lower panel of the figure). The axial images shown in the figure were obtained at 60 and 53
mm dorsal to the intercommissural line of the brain atlas in stereotactic space (Butefisch et
al., 2005).

Network analysis methods have shown that atypitafl-hemispheric interactions

between the ipsilesional and contralesional motmtes as well as between the
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ipsilesional SMA and contralesional motor cortexreavdound in patients with
subcortical stroke (Grefkest al., 2008). During unimanual movements of the
affected hand, an inhibitory effect from the colgsional to the ipsilesional motor
cortex was shown, and this inhibitory effect wasirfd to be correlated with the
motor impairment level. During bimanual movememtseduction in the interaction
between the ipsilesional SMA and the contralesionator cortex was shown, and
this again correlated with impairment level of timanual motor performance. This
can be explained from the phenomenon that activatiothe contralesional motor
cortex became less important when the motor tagkndi rely much on working
memory (Kimberleyet al., 2008). Besides, the bilateral premotor corter dlscame

less active when there was no demand of working ongm

2.3.2  Structural Imaging in Stroke Recovery

The involvement of damage to the cerebral coexsually highlighted with the
occurrence of hemispheric brain infarcts, while itaolvement of the white matter
damage has been relatively less noted or apprdci&@esen the findings from
stereotactic lesion mapping of stroke lesions m ithiddle cerebral artery (MCA)
territory, apart from discovering a prominent lesaverlap in the peri-insular cortex
and basal ganglia, an obvious lesion overlap ie awealed in the white matter
(Figure 2.5). The damage to the white matter ieesgfly remarkable in leading to
hemispatial neglect, apraxia, and severe hemiga(g&sirnathet al., 2004, Stoeckel

etal., 2007, Pazzagliet al., 2008, Karnatlet al., 2009).
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Figure 2.5 Topography of stroke infarct areas in the middle cerebral artery (MCA) territory.
The cerebral perfusion disturbance was illustrated as an averaged time to peak (TTP) map of
64 acute stroke patients with lesions in the MCA territory within 3 hours after stroke onset
(green represents an averaged TTP-delay >2 seconds, yellow >4 seconds, red >6 seconds)
(first column from the left). The affected areas involved both gray and white matter,
covering the insular cortex, the basal ganglia, and the perilesional areas. The averaged DWI
lesion map showed mainly the involvement in the insular cortex and adjacent white matter
(second column) (Stoeckel et al., 2007). Among the patients with rapid recanalization of the
MCA after systemic thrombolysis, the resulting infarct lesions had a relatively small overlap
area, locating in the periventricular white matter (third column), while the resulting infarct
lesions of the patients with poor recanalization had a large overlap area, encompassing the
insular cortex, the basal ganglia, and the periventricular white matter (forth column). For
these maps, increasing lesion overlap among patients was coded from cold to warm colors.
The axial images shown in the figure were obtained at 16 and 24 mm dorsal to the
intercommissural line of the brain atlas in stereotactic space (Seitz et al., 2009).

On the other hand, the corticospinal tract (C8&¥ been suggested to play a

critical role in determining the motor recovery.rlexample, the motor recovery is

found to have a close relationship with the intggof the CST as assessed by DTI

(Kwon et al., 2007, Stineaet al., 2007, Vitaliet al., 2007, Hamzegt al., 2008, Kim
et al., 2008, Schiemancét al., 2008, Schaechtet al., 2009), as well as the overall
atrophy of the cerebral peduncles is also foundetated with the CST integrity.
From their findings, the asymmetry of the fractibaaisotropy (FA) of the posterior

limb of the internal capsule (PLIC) across the lgsonal and contralesional
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hemispheres is revealed to be correlated with tleomrecovery, such that the
patients with poorer recovery exhibited a greate@Bymmetry found in the PLIC.
Besides, the movement-related motor cortex actimatan also be influenced by the
CST integrity as well (Stineaat al., 2007, Hamzekt al., 2008), such that fMRI
activations in the bilateral hemispheres duringgéinmovements were observed in
patients with poorer recovery, while a lateraliZBtRI activation to the ipsilesional
hemisphere was shown in those patients with begtaavery who exhibited a lower
FA asymmetry in the PLIC. Furthermore, both thetrsrand dorsal portion of the
projection of the pyramidal tract in the pons avarfd severely affected in poorly
recovered patients, while a good recovery is cliaraed by the continuity of the
projections in the dorsal portion of the tract (Fig 2.6). Not only the ipsilesional
motor fiber tract has the effect on the recoverieptal, recent study demonstrated
that the level of post-stroke motor skill recovewas associated with the
microstructural status of both the ipsilesional ammhtralesional CSTs, since the
stroke patients with poorer motor skill exhibitesduced FA in the bilateral CSTs,
while the stroke patients with better motor skilbwed elevated FA in the bilateral

CSTs (Schaechtet al., 2009).
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Figure 2.6 (a) Pyramidal tract passing through posterior limb of the internal capsule and
splitting up into ventral and supplementary dorsal portions at the pons. (b) The pyramidal
tract was hightlighted in red, which originated from the anterior (gray) and posterior (white)
portions of the Brodmann area 4 in the precentral gyrus. (c) Relationship between motor
recovery and damage of the ventral and posterior portions of the pyramidal tract at the
pons (Lindenberg et al., 2010).

In addition, changes are not only revealed indfferent motor fiber tracts, but
also found in the cortico-cortical and cortico-soitical fiber tract systems. Indeed,
enhancement of the post-stroke motor cortical cctiviy was revealed by DTI
(Panneket al., 2009), and the functional outcome is found toccbeelated with the
degree of the orientation uncertainty and the wimdter complexity (Zhangt al.,

2008, Pannelet al., 2009). It is further suggested that the repaiacpsses can be
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driven by functional demands. From these findingey agree with the evidence
from functional neuroimaging suggesting that therdmation in bilateral cerebral

hemispheres and in widespread regions is requinegdod recovery.

2.4 Stroke Neurorehabilitation

There are a number of reports describing differehabilitative strategies which
attempt to improve the neurological deficit follagi stroke (Cramer, 2008). A
widespread involvement of motor representationthenipsilesional hemisphere, as
revealed by fMRI, is induced by these therapeupipraaches (Wittenbergt al.,
2003, Boakeet al., 2007). Given the evidence from these studiesumber of
strategies that are based on pathophysiologicahamems have been developed in
promoting post-stroke motor recovery (Figure 2These include modulations that
target for changing the altered excitability in thgsilesional and contralesional
hemispheres, which have been applied as diredtabstimulation to the brain or as
anesthesia applying to the peripheral nerves (Maeklieret al., 2002, Floelet al.,
2004, Fregngt al., 2005, Hummett al., 2005). These changes are likely to form the
neural underpinnings for post-stroke relearningstablishing similar underlying
physiological learning processes. Motor imageryining, as a relatively new

emerging neurorehabilitation approach, is partityldiscussed here.
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Figure 2.7 Schematic illustration of experimental studies demonstrating the enhancement
of neural plasticity via external interventions (such as magnetic or electric stimulation) after
stroke. An infarct lesion that weakens functional outcomes within the affected
representation area is enclosed by a peri-infarct area with increased excitability. This is
accompanied by increased excitability in the contralateral homologous cortical area. The
lesion reduces activity in the contralesional hand, while the increased excitability enhances
activity in the ipsilesional hand. The changes of excitability might be able to be reverted by
electromagnetic stimulation of the central and peripheral nervous system (Carey and Seitz,
2007).

2.4.1 Motor Imagery

A. Rationale and Description

Stroke patients are challenged by many restristio managing daily activities,
since they are suffering from different level oh&tional disabilities and impairment
of muscle control resulting from stroke. Dependimgthe patients’ own motor ability,
active movement therapies sometimes show consi@eiraprovement to the motor
function. However, motor execution tasks is oftéffiadilt or impossible for many
patients with the central nervous system damagm they have participated early in
an active rehabilitation program (Johnson-Frey420Mental practice has thus been

proposed to be used as a therapeutic tool to ineptbe patients’ performance of
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motor functions. Motor imagery has raised interestthe area of rehabilitation
showing a potential of applying it as an alternatighabilitation method.

Motor imagery can be defined as a dynamic camaitvhen the representation of
an action is internally rehearsed within workingmaey but without the involvement
of any overt movements (Decety al., 1989, Decety and Jeannerod, 1995, Decety
and Grezes, 1999, Solodkat al., 2004). It is now treated as an engaging new
‘backdoor’ gateway to approach the motor system gtthbilitation throughout
stroke recovery processes (Jacksbral., 2001). It is different from active and
passive motor therapeutic treatments, in which mot@agery is not dependent on
residual function but still incorporates voluntaigve. Motor imagery may offer an
effective way of activating the brain areas norsnalhgaged in motor planning and
execution of the paralyzed limb (Weiss al., 1994). The stroke patients who
participated in the mental practice protocol wessesved to exhibit increased use of
their affected limb, and improved quality of movemeas well as higher motor

assessment scores obtained after the interverRage¢t al., 2005).

B. Neuroimaging Findings

Both cross-sectional and longitudinal functionauroimaging studies have
revealed that reorganization of injured brain osdorcompensate for motor deficits
after stroke. Increased activity in pre-existingwegks involving the disassociated
motor cortex after subcortical stroke and the wiférorder after cortical stroke has
been found as the major mechanism promoting regog&motor functions. An
emerging notion that the greater recruitment of igglesional motor network, the
better is the recovery has been proposed. Thi®smatias further enhanced by the
increased activity of the ipsilesional primary nrotortex (M1) triggered by motor

training and acute pharmacological interventionsparallel with improved motor
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function (Calautti and Baron, 2003).

Primary motor cortex which is a key element aisged with improved motor
function is also suggested to be involved in matoagery as proven by direct
cellular recordings in the primates (Georgopoudbal., 1989). Motor imagery may
therefore act as a substitute for executed movemeatway to stimulate the motor
network in patients after stroke. It is also prambshat motor imagery training can
solely enhance motor performance and induce singitatical plastic alterations,
offering a valuable alternative when physical tirminis not feasible (Jacksaa al.,
2003). Understanding the brain responses associatlednotor imagery in chronic
stroke would then be crucial and helpful in deveigpuseful rehabilitation strategies.
To date, the brain activation patterns in strokiéeep#s are not fully understood. The
involvement of primary motor cortex which is coresiedd as a major target of
post-stroke rehabilitation in motor imagery is gulwed. Therefore, the precise
mechanism and biological basis for motor recoverysiroke patients after the
implementation of motor imagery training are déhgely unknown.

Neuroimaging techniques can provide high spatsiolution anatomical and
functional information of human brain which is ugefor investigation of brain
activities in a non-invasive way. Various functibomauroimaging studies involving
positron emission tomography (PET) and functionalgnetic resonance imaging
(fMRI) have been conducted for the investigation nobtor imagery in healthy
subjects (Boeckeet al., 2002, Naitoet al., 2002, Solodkiret al., 2004, Lacourset
al., 2005) and stroke patients (Leheriey al., 2004, Kimberleyet al., 2006).
Consistent involvement of the non-primary motor asre but only weak and
inconsistent involvement of primary motor cortexridg motor imagery was
reported by the current literature in healthy sotgj@nd in stroke patients. However,

while the functional neuroimaging studies failedstiw the consistent activation in
28



primary motor cortex, studies wusing other modaitie such as
magnetoencephalography (MEG) (Schnitaeal., 1997, Kawamichkt al., 1998),
electroencephalogram (EEG) (Pfurtscheleml., 1999, Caldarat al., 2004), and
transcranial magnetic stimulation (TMS) (Fadiga al., 1999, Hashimoto and
Rothwell, 1999, Vargast al., 2004, Cicinelliet al., 2006), demonstrated consistent
involvement of M1 activation.

Although there was seemingly weak and inconsistetivation of M1 during
motor imagery as reported by the previous studssgufunctional neuroimaging,
Sharma et al. (2006) suggested that even a wealkatah might be sufficient to
avoid learned non-use and motivate the motor reptations leading to small active

movement, bridging the gap across to active movéthenapies.

2.5 Basis of Study

There is always a question, arising from strokeicians and researchers, that:
How can rehabilitation directly influence positivegaptive changes in the brain in
association with functional recovery after strok€&iven the insights from
neuroscience and neuroimaging, we now have a charloek into the brain and to
explore its adaptations in response to the damaderarelation to the recovery. In
this study, we would like to take advantage of nenaging technique, MRI, to look
into the features of brain reorganization and regfind in patients after stroke from
both functional and structural perspectives, andcdorelate these features with
functional outcomes of the stroke patients. Moreoweotor imagery (Ml), as a
relatively new emerging neurorehabilitation apptgais highlighted in this study.
The details and rationale behind this study areusised below.

Since execution of motor tasks is often difficoitimpossible for many persons

after stroke (Johnson-Frey, 2004), mental pradioseh as Ml has been used as an
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alternative rehabilitation strategy to improve thaptor performance (Jacksenal.,
2003), before they have full range of motion. Mbefined as a dynamic state when
an action representation is internally rehearsdHtimviworking memory, but without
the involvement of any overt movements (Deatts., 1989, Decety and Jeannerod,
1995, Decety and Grezes, 1999). It is treated asn&iguing new ‘backdoor’
gateway to approach the motor system and rehdiaiteat all stages of stroke
recovery (Jacksod al., 2001). It can incorporate with voluntary driveatctivate the
brain regions normally engaged in planning and rodiig movements of the
paralyzed limb (Weiset al., 1994).

Functional neuroimaging studies, such as using Bd fMRI, have shown
similar activation patterns during motor execut{dtE) and MI (Tyszkeet al., 1994,
Lafleur et al., 2002), and therefore suggested that ME and Minaediated by a
common neural substrate. This speculation is i@ Wiith observations of congruent
movement timing between actual and mental walkiagfgpmances (Decetst al.,
1989), and similar autonomic response modulatioe, increase in heart and
respiratory rates (Oislat al., 2000), during executed and imagined movements. Th
congruent functional neuroanatomy associated wikhaid MI might then support
the speculation of efficacy of MI training for rddiitation of movement disorders
(Johnson, 2000, Pageal., 2001, Lacourset al., 2004).

Although these findings provide a relatively castpensive understanding of the
patterns of motor network activation during ME avitl the question whether the
congruent functional neuroanatomy associated wihavid Ml can be conserved in
stroke patients with different motor recovery levisl still unresolved. Understanding
the neural substrates that interact with differlenviels of functional outcomes is
therefore important in enriching the neuroscienaseld knowledge to work out a

better stroke rehabilitation strategy. In orderahieve this, we need to better
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understand how the brain adapts after stroke todauate ME and M.

Furthermore, from a structural perspective, $tmat remodeling of white matter
in the ipsilesional and contralesional sensorimaotwtices has been demonstrated in
both animal models of stroke (Brus-Ramer al., 2007) and stroke patients
(Schaechteet al., 2009), and is found to be associated with thell@f motor
recovery (Brus-Rameet al., 2007, Schaechtegt al., 2009). This motor-related
structural remodeling is especially obvious and wamly shown in the corticospinal
tract (CST), such that the structural integrity thle CST becomes a major
determinant of motor deficit (Lindberg al., 2007). However, in addition to the
brain tissue damage localized at the peripheryheflésion, recent studies pointed
out that the brain network far away from the lesimuld also be altered (Alstct
al., 2009, Croftset al., 2011). This alteration is suggested as a secgndite
matter degeneration which appears in remote regiotesconnected, directly or
indirectly, with the primary damaged area (Cradtsal., 2011). Nevertheless, the
effect of this remote alteration on motor contreliavior of stroke patients is still
under exploration. More understanding to the eriin@n adaptation after a stroke
might provide a more comprehensive picture of titeractions between structural
connectivity remodeling and post-stroke motor impaints. Such information may
be of value in redefining potential neural subssathat target post-stroke motor
recovery.

DTI which is a noninvasive magnetic resonancehriggie can measure the
random motion of water molecules in brain tisswéhas been used to reveal brain
abnormalities in a variety of diseases, includitigkes (Nuciforaet al., 2007). This
technique is based on the extraction and charaatem of the changes in diffusion
anisotropy in brain tissue (Werrireg al., 2000), where the diffusion happens to be

unequal in all directions. Combined with fiber t@graphy which is used to
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visualize and quantify the integrity of fiber tractt might provide a diverse way to

reveal the structural remodeling following a str¢keoftset al., 2011).
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Chapter 3 Methodology

3.1 Study I: Study on Neural Correlates of Motor Impairment During Motor
Imagery and Motor Execution Using fMRI

3.1.1  Overview

In this study, ten chronic stroke patients haJefty subcortical ischemic lesions
and right hemiparetic limbs, and ten unimpairedettb were included to study their
activation patterns during ME and MI. Subcorticabke was chosen because the
ability of performing MI can be preserved if theitns were not found at parietal or
premotor cortex (Johnsaat al., 2002). Meanwhile, subcortical stroke also acceunt
for 20-30% of all cerebrovascular infarcts (Donn2®02), and such a constraint can
help us to select a relatively homologous strokeugation for the study. All subjects
were instructed to perform four motor tasks: (1) MEing left/unaffected wrist
(MEL), (2) MI using left/unaffected wrist (M), (3) ME using right/affected wrist
(MERg), (4) MI using right/affected wrist (M). These data were used to find out (1)
the clinical relevancy of cluster volume of actigatin stroke during Mg and Mk
using affected wrist, (2) the clinical relevancylateralization of activation in stroke,
and (3) the clinical relevancy of congruence inctional neuroanatomy between ME
and Ml tasks, and between stroke and unimpairedpgroQuantitative measures,
including laterality and overlap indices, were ded to quantify the activation
features. Moreover, 11 regions of interest (ROtls)bilateral hemispheres were
selected to evaluate the functional activity, idahg the primary motor area (M1),
primary sensory area (S1), supplementary motor (@®B), premotor cortex (PM),
prefrontal cortex (PF), inferior parietal lobulé (), precuneus, insula, thalamus and

putamen (TH-PU), caudate nucleus and subthalamidensi (CN-STN) and
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cerebellum. These regions were chosen because Whese the important areas
involved in the motor network of unimpaired subge@Valshet al., 2008). Finally,
correlations between the activation features is¢h22 ROIs and the residual motor

function after stroke were analyzed in this study.

3.1.2  Subjects

Ten right-handed patients (8 males and 2 fematesn age: 55.4 years, SD: 9.9
years) who suffered from first-ever stroke, witméi elapsed after stroke more than
12 months, with left subcortical stroke, and witlodarate-to-severe upper-limb
impairment [Fugl-Meyer score less than 44 out of @haeet al., 1998) were
included in this study (Table 3.1). Ten right-hachd@impaired subjects (6 males and
4 females, mean age: 61.1 years, SD: 15.4 yeatisputiany history of neurological
and psychiatric disease were also included to sasva reference group. In Hong
Kong, people who suffer a stroke are generallyhat dge over 50, and a recent
declining trend in age of stroke onset is obseraatbng the patients (Hospital
Authority of Hong Kong Special Administrative Regjo2014). Nevertheless, the
majority of the stroke sufferers still come frone thlderly group aged 65 and above.
From the neuroimaging findings, age-related atrophyhe motor cortical regions
and corpus callosum is revealed, which is suggettede correlated with motor
declines in the elderly, such as movement slowamgl deficits in balance, gait and
coordination (Seidlert al., 2010). Moreover, age-related gross and fine motor
decrements, as well as higher cognitive deficitsy naso result from the
degeneration of neurotransmitter systems (e.gdtipaminergic system). Therefore,
these age-related changes in brain structure astersymay lead to the brain
adaptations of recruiting more widespread brainoregy for motor control in the

older adults, compared to the young adults (Seidieal., 2010). In spite of this,
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many life-span studies of the age-related diffeesna motor skill learning revealed
that the motor performance declines start earlyniddle age and not in old age
(Voelcker-Rehage and Willimczik, 2006, Voelcker-Rgh, 2008). The same might
apply to the brain adaptations to normal aging (keapet al., 2014). Although the
stroke patients and the unimpaired subjects indudethis study were relatively
younger than the majority of stroke patients in rallestroke population, we
speculate that the brain adaptations due to agiogldvalready exhibit in our
middle-aged stroke patients, and the findings ftbis study may be able to extend
to the older patients. Furthermore, motor imageay heen proposed that it can be
accessible through the acute phase, sub-acute mitasbronic phase of stroke
rehabilitation (Johnson, 2000, Johnseinal., 2002). Chronic stroke patients may
even have a “hemiplegic advantage” of performingananagery more accurately
with their paralyzed limb. This “hemiplegic advagéd may be related to a
continuing focus on motor planning and/or imaginthg movements involving the
paralyzed limb that are currently impossible toexecuted (Johnsoet al., 2002).
Besides, chronic stroke patients often have aivelgtstable condition and mental
state compared with the patients in acute or suieaphase, so that they can
withstand the long scanning time required in thisdg. Therefore, chronic stroke
patients were recruited for this study.

All unimpaired subjects and stroke patients ptmistroke were right-handed as
assessed by the Edinburgh Handedness Inventoryi€ldld1971). Subjects were
excluded if they had history of alcohol or drug sdowr epilepsy, bilateral infarcts,
uncontrolled medical problems, serious cognitivdicite, comprehensive aphasia
and other MRI contraindications. A more detailedafgtion of the inclusion and
exclusion criteria of subject recruitment is docaibeel in Appendix 1. Consent was

obtained from each subject for their participatiand the procedures were approved
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by the Research Ethics Committee of the Hong Kanigtéchnic University, and the

IRB of Kowloon Central Cluster of Hospital AuthgtitHong Kong.
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Table 3.1 Demographic details of stroke patients included in fMRI study

Type of Time between Assessment scores
Subject Age/Gender stroke Lesion location stroke and fMRI MSS_SM MSS_EF FMA_SE FMA_WH
(months) (max: 29) (max: 11) (max: 42) (max: 24)
S1 48/M Ischemic L PLIC 38 26.2 9.2 22 15
S2 63/M Ischemic L PLIC 48 21 8 23 14
S3 62/M Ischemic L PLIC 72 22 8 20 13
S4 66/M Ischemic L PLIC, putamen 50 21 8 21 17
S5 55/M Ischemic L PLIC 72 22.6 8 22 15
S6 47/M Ischemic L PLIC 38 214 7.6 23 17
S7 50/F Ischemic L. globus pallidus, putamen, insula 36 21.8 7.6 23 13
S8 65/M Ischemic L. globus pallidus, putamen 132 19 3.2 17 8
S9 62/M Ischemic L. globus pallidus, putamen 33 14.8 3.4 15 7
S10 36/F Ischemic L. globus pallidus, putamen, insula 12 7.4 0 4 1

L — Left; M — Male; F — Female; PLIC — posterior limb of internal capsule; MSS_SM — Motor Status Scale (Shoulder Movement); MSS_EF — Motor Status Scale
(Elbow/Forearm); FMA_SE — Fugl-Meyer assessment (Shoulder/Elbow); FMA_WH — Fugl-Meyer assessment (Wrist/Hand).

37



3.1.3  Clinical Assessments

Assessments were made for each patient’s volntator function of the paretic
upper limb, using the Motor Status Scale (MSS) rderet al., 2002) and
Fugl-Meyer Assessment (FMA) (Fugl-Meyest al., 1975) protocols, by an
experienced assessor in our university clinic wras wlind to the patient’s group
identity. The full scoring sheets of both MSS arMdA=for upper extremity motor
assessment are attached in Appendices 2 and Xtieshe Since wrist motor task
was used in this study, attention was particulgisen to the forearm assessments,
including MSS forearm movements (MSS_EF) and FM#stand hand movements
(FMA_WH). These clinical assessments have been inspdor studies to assess for
motor function in upper-extremity rehabilitatiomitning, and have been proven to be
reliable and valid for assessing motor functiorifeing stroke (Ferraret al., 2002,
Gladstoneet al., 2002). Excellent inter-rater reliability has besmown for FMA
upper extremity motor score (intra-class correfaticoefficient, ICC=0.97)
(Gladstonest al., 2002), and for MSS shoulder/elbow score (ICC=p(@@rraroet

al., 2002).

3.1.4  Image Acquisition

Subjects were scanned with a 1.5-Tesla MRI saaf8iemens Avanto, Germany)
using a 12-channel head coil. The following imagoefasets were acquired: (1)
standard high-resolution sagittal images, usingolmetric T1-weighted gradient
echo sequence (TR = 1lms, TE = 4.94ms, flip anglé5=degrees, FOV =
256mmx256mm, matrix = 256x224, resolution = 1x1xfpni2) T2-weighted
images, using a T2*-weighted turbo spin echo seceiélMR = 4330ms, TE = 98ms,
flip angle = 150 degrees, FOV = 220mmx220mm, matri@36x384, gap = 1mm,

resolution = 0.57x0.57x6mitp (3) blood oxygenation level dependent (BOLD)
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fMRI images, using a gradient-echo echo-planar-imgequence (TR = 2000ms,
TE = 32ms, flip angle = 90 degrees, FOV = 192mmxi®2 matrix = 64x64, gap =
1mm, resolution = 3x3x6min Each fMRI session lasted for 6 minutes and was

preceded by 4 dummy scans for equilibrium of MRghsils.

3.15 Motor Tasks

Since the stroke patients in this study expegdnmoderate-to-severe motor
recovery for their proximal upper limb with somesidual wrist motor function
(FMA_WH=>0), wrist movement was adopted in our stdeégign. Moreover, in order
to minimize the incidence of abnormal contractioih cbher muscle groups of
proximal segments from the subjects, a magnetan@asce compatible wrist orthotic
device, which was fully made of plastic, was desjifFigure 3.1). All subjects,
including unimpaired subjects, used the wrist drthdevice to standardize their
upper limb position during the MR scanning, andfi¥othe subjects’ forearms to
ensure that they focused on performing wrist movgmand minimize the

contraction of other irrelevant muscles.

39



Figure 3.1 The experimental setting for fMRI experiment. The subject used the wrist
orthotic device (indicated by an arrow) to standardize her upper limb position and to fix her
forearms during the MR scanning. A cushion was placed under each of her upper arms, so
that her elbows can rest on the cushions during the resting phase. A small projection screen
was mounted on the head coil for the presentation of instructions to the subject.

Subjects were asked to perform both executed iaradjined wrist extension
unilaterally in the study. The sequence of motesksawas: (1) ME (2) M., (3)
MER, (4) MIr. This sequence was chosen because all our paietits study were
right-limb impaired. We therefore would like thetigaits to execute or imagine with
their unimpaired (left) limbs before practicing Wwitheir impaired (right) limbs. To
avoid any deviations of results created from thek taequence, the unimpaired
subjects were also instructed to follow the sanmtgool during fMRI scanning. The
four motor tasks were repeated so that each subgetirmed 2 runs for each of the
four tasks for averaging. A blocked paradigm wasdysvhich consisted of 19 epochs:
10 resting and 9 activation epochs. Each restimgaativation epoch lasted for 20 s,
except for the first and the last resting epocHhsckvlasted for 10 s (17 epochs x 20
s + 2 epochs x 10 s = 360 s = 6 min). In the rgstipochs, a white crosshair in a

black background was presented. In the activatpocles, depending on the tasks
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they performed, a white ‘L’ character for left virisr a white ‘R’ character for right

wrist was presented (Figure 3.2).

Rest (OFF) Task (ON) Rest (OFF) Task (ON)

time
Rest (OFF) Task (ON) Rest (OFF) Task (ON)

time

Figure 3.2 Experimental paradigm. The upper sequence was used for left motor execution
or imagery, while the lower sequence was used for right motor execution or imagery.

For ME tasks, the subjects were asked to perfepmtitive wrist extension during
activation phase, and the pace was asked to beaimsd at a period of around 2 s~4
s for one movement cycle of the wrist extensiorgavoid any muscle fatigue. For Ml
tasks, subjects were instructed to do kinesthetiagery during activation phase
(avoiding visual imagery or counting) with the sapaee as in the previous ME task.
During resting phase, they were instructed to refmt to make any movements or
not to think about any movement. All subjects wergtructed to keep their eyes

opened during scanning.

3.1.6 fMRI Data Analysis

The data acquisition and MRI scanner operationrewassisted by the
radiographers at Queen Elizabeth Hospital, who wénel to the clinical data of the
included subjects. Then, the MRI data processimt) @mlyses were done by the
author of this thesis. All the data were gone tgtothe same analysis model and

program to ensure that there was small chancéh@atithor to manipulate the final
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results.

All fMRI data were analyzed with a general lineaodel approach using Analysis
of Functional Neurolmages (AFNI) software (Cox, @P9National Institute of
Mental Health,http://afni.nimh.nih.goy The following analysis strategy has been
adopted similarly by Chan et al. (Cheral., 2009) to study language processing in
healthy adults. The first 5 brain volumes in eaghctional dataset collected before
reaching equilibrium magnetization were removede Tanctional data for each
subject was motion-corrected and co-registeredh® 20th image of the first
functional dataset using the three-dimensional meluegistration. Each functional
dataset was normalized to its mean intensity valamss the time series. The
changes of MR signal activation relative to restiwgre derived in multiple
regression analysis. The impulse response fundiioach condition was then
estimated with 1-sec resolution using deconvolut®drseparate regressor was used
to model the response in each 1-sec period in aetOwindow following each
stimulus presentation. The six motion parametersevedso included as regressors
for the removal of residual motion correlated attivThe hemodynamic response
magnitude to each motor task was calculated byagusy the beta weights of the
regressors of the response.

Individual subject analysis was performed to deflie prevalence of activation
patterns across the subjects. Single subject asakes performed on unsmoothed
and normalized functional data. Individual subjecin volume with hemodynamic
response magnitude to each motor task were registento each subject's
anatomical scan and transformed to the standardgmate of Talairach and
Tournoux (1988). The brain volume in Talairach cgpawith the response
magnitude to each motor task for each subject, sggially smoothed with a

Gaussian filter of full-width half-maximum (FWHM)ndm to reduce the false
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negative error due to individual variability of brashape.

Group analysis was then performed to obtain aeggrindication of activated
brain areas, correlated to ME and MI tasks. A twawnixed-effect analysis of
variance (ANOVA) was performed on each voxel intandard space, considering
the contrasts on the given task type (M. MI_; MEr vs. MIg) (fixed effect), and
serving each individual subject as the repeatedsuregrandom effect). The overall
significance level ofi<0.05 was set to prevent type | error. Based upont®iCarlo
simulation with 1000 iteration runs via AlphaSinogram in AFNI (Cox, 1996) on
the brain volume, it estimated that a 162 hroontiguous volume (3 voxels, each
measuring 3x3x6mih would provide the significance levet0.02, which met the
overall threshold oP<0.05. The threshold (correct®0.05) was used for group
analysis to identify the statistically significaattivation areas. Finally, conjunction
analysis was performed to find out overlappingaasgiin the brain among the group
of subjects during the four motor tasks, to idgntife common activations between

the MI and ME tasks, and between the stroke anuhpaired groups.

3.1.7  Quantitative Analysis

Quantitative measures, including laterality anertap indices, were also derived
to quantify the activation features during the tasknd to evaluate whether these
features are correlated with the motor functioregetality index (LI) has been used
to show the lateralization of activated voxelsasponse to the tasks, and introduced
as a quantitative indication of stroke recoveryaf@eret al., 1997). It was calculated

as
_ ROl — ROI,

Ll=—5+——
ROI. + ROI,

where ROI; is activation volume from anatomical areas in themisphere
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contralateral to the limb performing the task aR@I; is the activation volume from
anatomical areas in the ipsilateral hemispherba#t a range from -1 to +1, with a
negative number indicating primarily ipsilateraltiaation and a positive number
indicating activation primarily contralateral toethimb performing the task. A large
negative or positive LI value 0.5 or >0.5) indicates that braictivation is
lateralized heavily to hemisphere ipsilateral omtcalateral to the target limb
respectively. For LI value approaching zero, itlaets that similar volumes of
activated voxels are recruited from both ipsildtemad contralateral hemispheres,
showing weak lateralization of brain activation.

Overlap index (Ol) was used to represent the gmeage of overlapping of
activated voxels in different tasks/groups, foreasing the functional convergence
and/or segregation of task-selective brain arels.cbmputation of Ol was based on

the results from conjunction analysis as follows:

[ ROI, N ROI,
~ ROI, UROI,

where the numeratoRQI, N ROI,) is the volume of overlapping voxels between the
same ROIs in two different tasks/groups, while demominator ROI, U ROI,) is
the union of the two compared ROIs. In order talfout the clinical relevancy of
congruence in functional neuroanatomy between dkkst using affected wrist and
between stroke and unimpaired groups on the atféagbt-handed tasks, the Ol was
derived separately for the following comparisores: \ithin-group comparison on
affected-wrist tasks (stroke MEvs. stroke Mg); (b) between-group comparison on
MIg task (stroke M{ vs. unimpaired M{); and (c) between-group comparison on
MER task (stroke Mk vs. unimpaired ME). Besides, the Ol was also derived for the
comparisons: (d) within-group comparison on ME $agkinimpaired Mk vs.

unimpaired ME); (e) between-group comparison on MEsk (stroke ME vs.
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unimpaired ME) to provide more information about the lateraizatin the
unimpaired subjects, and congruence in functioratoanatomy between stroke and

unimpaired groups on the unaffected/left-handedtbdks.

3.1.8  Statistical Analysis

A two-group between-subjects multivariate analysi variance (MANOVA) was
conducted on the cluster volumes and Lls (dependantbles) to determine
whether there were any differences between sulgemips on these activation
features. Furthermore, correlations between clirgszessment scores and several
guantitative measures, including cluster volumeahdl Ol during right/affected limb
tasks, were further assessed using Spearman’slatmmns. All statistical analysis
was conducted in IBM Statistical Package for thei@dSciences (SPSS) (version

19), and the level of statistical significance wasat 0.05.
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3.2 Study II: Study on Remodeling of Structural Connecivity and Its
Correlation with Motor Impairments Using DTI
3.2.1  Overview

In this study, one of the stroke patients wadugled, since the anatomical image
of this patient was contaminated by motion artdacivhich led to failure in
subsequent data analysis. One of the unimpaire@asbwith similar age was also
excluded to match the total number of stroke pé&tiancluded in this study.
Therefore, only nine chronic stroke patients havefygsubcortical ischemic lesions
and right hemiparetic limbs, and nine unimpairebijecis were included to study the
post-stroke structural remodeling.

Moreover, instead of using voxel-based assessierdssessing the post-stroke
structural changes, network analysis was usedecammended in this study. Using
voxel-based assessment for tracing the post-sstketural changes might be quite
challenging, since measurement of the changes eahidhly influenced by the
variations in stroke topography among stroke pdpmna(Crofts et al., 2011).
Moreover, since brain lesions often disrupt theghkeoring white matter, it might
induce erroneous judgment if fiber tracking is lthea seed regions extracted from
non-lesioned neuroanatomy (Schonbetrgl., 2006). Therefore, we applied network
analysis, which is an alternative and compreherspmoach of assessing structural
connectivity (Bullmore and Sporns, 2009), to cheaee structural brain networks.
It can avoid the assumptions on the location ofl segions by obtaining the regions
of interest (ROIs) from automated parcellation adib regions for each individual
(Fischlet al., 2004).

The flow of the analysis involves dividing up thwain into cortical and
subcortical areas to form the nodes of the netwarkl measures the connectivity

between nodes to characterize the properties ef filacts (Hagmanat al., 2008).
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Three main connectivity measures were included valuate the post-stroke
structural changes: fractional anisotrgf), connection weighfCW) and
connection strengtfCS). Among these measures, FA is the commonesireder
which is used to assess white matter propertieslation to the fiber density, axonal
diameter, and myelination status (Beaulieu, 2082)ecline in FA was found to be
related to loss of axonal integrity, leading to Wahn degeneration (Watanaéteal .,
2001). CW is used as a means to capture the coonefnsity between two regions
(Hagmanret al., 2008). A higher value in CW could indicate tHa¢ tonnection has
a shorter path length and/or greater number ofgib@S can measure the extent to
which the node is connected to the rest of the ostvfHagmannet al., 2008). A
node with higher CS makes stronger connections riidaget al., 2008), since CS
will increase if the connections to the region mr@re intensive. It can highlight the
importance of structural integration at node leviehese measures were used to
localize which fiber tracts are affected by theidas when compared with
unimpaired subjects. Finally, correlations betwdka motor impairments which
were assessed by clinical assessment scores (Mtattus Scale, MSS (Aisesh al .,
1995) and Fugl-Meyer Assessment, FMA (Fugl-Meyeral., 1975)) and the
connectivity measures were evaluated in strokeexamine the remodeling of
structural connectivity. The results may provide apportunity to investigate
inter-patient connectional variability and to relat to differences in individual

motor recovery levels.

3.2.2  Subjects
Nine right-handed patien{6 males and 3 females, mean age: 53.7+£9.8 years)
who had suffered a first-ever strckaith time elapsed after stroke of more than 12

months; with left subcortical stroke; and with mrate-to-severe upper-limb
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impairment) were included in this stu@lable 3.2). Nine right-handed unimpaired
subjects(5 males and 4 females, mean age: 60.2+16.0 yedttg)ut any history of
neurological or psychiatric disease were also uetlto serve as a reference.
Subjects were excluded if they had history of abtabr drug abuse or epilepsy,
bilateral infracts, uncontrolled medical problemserious cognitive deficits,
comprehensive aphasia and other MRI contraindioati©@onsent was obtained from
each subject for their participation, and the pdores were approved by the
Research Ethics Committee of the Hong Kong Polytechniversity, and the

Kowloon Central Cluster of Hospital Authority, Hol@gng.
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Table 3.2 Demographic details of stroke patients included in DTI study

Lesion Time Assessment scores
volume between MSS_SM MSS_EF FMA_SE FMA_WH
Subject Age/Gender Lesion location (mm?) stroke and (max: 29) (max: 11) (max: 42) (max: 24)
fMRI
(months)
S1 48/M L PLIC 736 38 26 9.2 22 15
S2 63/M L PLIC 280 48 21 8 23 14
S3 62/M L PLIC 1112 72 22 8 20 13
S4 47/M L PLIC 1968 38 214 7.6 23 17
S5 50/F L pallidum, putamen, insula 17640 36 21.8 7.6 23 13
S6 50/F L pallidum, putamen, insula 12008 28 21 8 21 12
S7 65/M L pallidum, putamen 7560 132 19 3.2 17 8
S8 62/M L pallidum, putamen 6192 33 14.8 3.4 15 7
S9 36/F L pallidum, putamen, insula 28992 12 7.4 0 4 1

L — Left; M — Male; F — Female; PLIC — posterior limb of internal capsule; MSS_SM — Motor Status Scale (Shoulder Movement); MSS_EF — Motor Status Scale
(Elbow/Forearm); FMA_SE — Fugl-Meyer assessment (Shoulder/Elbow); FMA_WH — Fugl-Meyer assessment (Wrist/Hand).
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3.2.3  Clinical Assessments

Each patient was assessed by a blind assessandireg) their voluntary motor
function of the paretic upper limb using MSS andA&Nbsubdivision was done for
the two assessment scores: MSS shoulder move:(idB8S_SM), MSS forearm
movementyMSS_EF); FMA shoulder and elbow movemef@MA_SE) and FMA
wrist and hand movement§-MA_WH). These clinical assessments are used
frequently for body function evaluation in uppetrexnity rehabilitation training,
and their reliability and validity in assessingo&e motor functions has been proven

(Hsiehet al., 2009).

3.2.4  Image Acquisition

Subjects were scanned with a 1.5-Tesla MRI saaf8iemens Magnetom Avanto)
using a 12-channel head coil. The following imaguotasets were acquirc(.)
standard high-resolution sagittal images were aeduiusing a volumetric
T1-weighted gradient echo sequed@® = 11 ms, TE = 4.94 ms, flip angle = 15
degrees, FOV = 256x256 mm, matrix = 256x224, réfwlu= 1x1x1 mm); (2)

T2-weighted images were acquired using a T2*weidhtturbo spin echo

sequencdTR = 4330 ms, TE = 98 ms, flip angle = 150 degré€3V = 220x220

mm, matrix 336x384, gap = 1 mm, resolution = 8GB7x6 mni); (3)
diffusion-weighted images were acquired using &usgibn-weighted single-shot EPI
sequencgTR = 10900 ms, TE = 96 ms, FOV = 256 mm, matrixi28x128,
resolution = 2x2x2 mM). The diffusion-weighted images were acquired gld2

different diffusion directions with d-value of 1000 s/mfm and an additional

baseline [§=0) image. This sequence was repeated 2 timesgioalsaaveraging.

3.25 Diffusion Data Processing and Fiber Tractography
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The data acquisition and MRI scanner operationrewassisted by the
radiographers at Queen Elizabeth Hospital, who Wwénel to the clinical data of the
included subjects. Then, the MRI data processimt) @mlyses were done by the
author of this thesis. All the data were gone thlothe same analysis model and
program to ensure that there was small chancéh@atithor to manipulate the final
results.

Raw diffusion imaging data were pre-processeth WNRIB'’s Diffusion Toolbox
(FDT) implemented in FMRIB Software Library (FSLFNIRIB Analysis Group,
Oxford, UK). The processing included correction éaidy currents and head motion,
brain extraction and fitting of diffusion tensors ocorrected data (Johansen-Betg
al., 2004). The pre-processed data were then recotstiusing a software package
Diffusion Toolkit (Athinoula A. Martinos Center f@iomedical Imaging, USA). FA,
eigenvectors, and eigenvalues of the diffusiondengre calculated at each voxel of
the diffusion image. Fiber tracking was then perfed using standard fiber
assignment by continuous tracking method (Matral., 1999). Tracking stops at
predefined thresholds of a diffusion-weighted image a turning angle of 60° to
limit the detection of spurious fibers. The traeksre then smoothed by a B-spline

filter to remove any redundant track points andrseuts.

3.2.6  Structural Connectivity Mapping

Based on the T1-weighted image, white and greytemasegmentation was
performed in FreeSurfer (Athinoula A. Martinos Ganfor Biomedical Imaging,
USA) to reconstruct and parcellate brain volumeptoduce outputs consisting of
labels corresponding to the white matter, the eoed the deep gray nuclei (Fischl
et al., 2002). The labeled mesh of each individual subyeas then aligned with

his/her diffusion dataset.
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However, since the segmentation technique is llysapplied to non-lesioned
neuroanatomy, segmentation errors such as midgiagsthe lesions as ventricles or
nearby areas might be induced in our cases. Lesigmentation was therefore done
for each stroke patient to estimate his/her infastent and to correct segmentation
errors induced during the automated parcellatianwads performed by feeding
diffusion-weighted, T1l-weighted and T2-weighted gea into k-means clustering
algorithm (Tou and Gonzalez, 1974) for roughly p@ariing the pixel intensities into
5 clusters. The non-infracted areas, such as #esanf ventricles and cerebrospinal
fluid, were removed from the lesion segmentatiofteAthe correction of lesions
from the automated parcellation, 68 cortical ands@Bcortical regions (Figure 3.3),
which covered the entire cortices and subcortitaictures of both left and right

hemispheres, were chosen for investigation of 8iratconnectivity changes.
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Figure 3.3 Segmentation of brain into 34 cortical and 6 subcortical regions for one hemisphere.
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The outputs of fiber tractography and ROIs coratvere finally combined to map
connection matrices of CW and FA. Each ROI becanmede in the matrix. Two
nodes were connected if there was at least one Witk end-points in them. The

first connection matrix maps the CW between RO iarcalculated as:
CW = 1 Z 1
VL)

where V is total volume of the two RO, is sum over all fibers connecting the two
ROIs, and the correction terlfi) is the length of a specific fiber (Hagmaenal.,
2008). We then re-sampled the raw CWSs into a Ganstistribution with a mean of
0.5 and a standard deviation of 0.1, to normalime dcale of the measure for each
subject (Alstottet al., 2009). The second matrix maps the average FAgakn
connection which was linking two ROIs. Finally, @8d regional FA were calculated
as the sum of all the re-sampled CWs and the ageffs for each node,

respectively.

3.2.7  Statistical Analysis

Pearson correlation analysis was done to idertify correlation patterns of
structural connectivity properties with motor impaénts. Partial correlation
analysis was then done to look at the changes doctirelation patterns after
controlling for the CST’s structural propertiesn&ly, a two-group between-subjects
multivariate analysis of variance (MANOVA) was doma those significantly
correlated regions with their connectivity propestito assess whether there are any
differences between unimpaired subjects and strpkéents. All statistical
procedures were done using IBM Statistical Packagéhe Social Sciences (SPSS)

(version 19), and the level of statistical sigrafice was set at 0.05.
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Chapter 4 Results

4.1 Study I: Study on Neural Correlates of Motor Impairment During Motor
Imagery and Motor Execution Using fMRI
The ten patients (Table 3.1) were having moddmsevere upper-limb
impairment (FMA score less than 44 out of 66). Tteierage scores were MSS:
26.0 (SD = 8.1) and FMA: 31.0 (SD = 10.9). The gats mainly exhibited lesions at
the left posterior limb of internal capsule (PLI@gllidum and putamen. Since all
patients had left subcortical lesions, left hem&pghis regarded as ipsilesional

hemisphere, whereas right hemisphere is contralakiemisphere.

4.1.1  Activation Patterns and Clinical Correlations

The anatomical foci of positive activation clusteduring ME and MI were
presented in Table 4.1 and 4.2. The correspondiaig lactivation maps obtained by
group analysis for the unimpaired and stroke grompse shown in Figure 4.1. The
brain activation patterns of the unimpaired growpirty ME_(non-dominant) and
MERg (dominant) were similar, in which positive actiest was commonly found in
M1, S1, SMA, PM, PF, IPL, insula and cerebellunbifateral hemispheres of the
unimpaired group (Table 4.1, Figure 4.1). The afifference of activation between
ME_ and ME was demonstrated at the precuneus, which bilapFeduneus was
found activated during ME but only left precuneus was found activated dyMEr.
During MI_ (non-dominant) and Ml(dominant), positive activation was commonly
found in SMA, PF, IPL and cerebellum in bilateraénfispheres, and in M1
contralateral to the limb performing the tasks. Thiéerences were revealed at S1

and insula. Bilateral S1 was activated during Mhile only left S1 was activated
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during MIg. Bilateral activation in insula was shown duringgNbut only left insula
was activated during MI(Table 4.1, Figure 4.1).

In stroke group, positive activation was foundSa, SMA, PM, PF, IPL and
cerebellum in bilateral hemispheres during MEnaffected) and Mgk (affected).
The differences were revealed at M1 and insulaat&ibl M1 was activated during
MERg while only right M1 was activated during MBBilateral activation in the insula
was only observed during MBbut was not shown during METable 4.2, Figure
4.1). During ML (unaffected) and Ml (affected), positive activation was found in
M1, S1, SMA, PM, PF and IPL in bilateral hemisplsrand in the left precuneus.
Right precuneus and right insula were found additily activated during M| while

left insula was activated only during M{Table 4.2, Figure 4.1).
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Table 4.1 Summary of anatomical foci in Talairach coordinates showing positive BOLD responses from unimpaired group during ME,, Ml;,, MEg and Ml

, ME, MI, MEg Mg

Activated areas

X y z volume X y z volume X y z volume X y z volume

Cortical region
L. M1 (BA 4) 27 25 55 1318 32 23 55 3639 28 26 56 1051
R. M1 (BA 4) -32 23 55 3744 -29 24 52 1139 -21 25 58 236
L.S1(BA1,2,3,5) 27 30 53 571 55 24 35 399 38 28 52 7625 30 29 52 195
R.S1(BA1,2,3,5) -36 28 52 6883 -31 29 51 1038 -56 23 32 115
L. SMA (BA 6m, 24c) 6 8 47 4641 4 2 48 1096 5 6 47 4049 7 10 51 3139
R. SMA (BA 6m, 24c) -7 7 49 5470 -6 4 49 2351 -4 5 51 1746 -5 3 52 2207
L. PM (BA 6l) 18 14 62 556 27 13 61 2033
R. PM (BA 6l) -31 12 59 1460 -27 15 58 181 -45 -1 40 591 -46 -1 39 462
L. PF (BA 46, 44) 54 -11 12 1465 52 -10 11 1676 54 -9 11 1815 53 -9 11 1796
R. PF (BA 46, 44) -52 -22 13 3506 -57 -11 9 460 -53 -7 12 1271 -55 -9 12 1753
L. IPL (BA 40) 40 44 44 1613 57 34 26 1745 41 40 45 4020 40 46 44 326
R. IPL (BA 40) -40 41 49 1617 -57 42 42 113 -55 27 26 827 -58 37 40 569
L. Precuneus (BA 7) 24 47 49 220 26 49 50 366
R. Precuneus (BA 7) -19 47 50 249
L. Insula 36 -8 -1 295 43 -8 3 1678 43 25 17 1805 40 -7 7 1790
R. Insula -46 28 18 1238 -43 3 5 1402 -43 -6 6 629
Subcortical region
L. Thalamus 10 12 7 1956 13 17 7 4354 14 19 5 205
R. Thalamus -15 16 8 3051 -10 13 5 2085
L. Putamen 23 1 4 3234 24 1 2 1558 25 4 3 3429 26 4 5 1322
R. Putamen -24 3 5 4007 -26 8 6 927 -22 1 6 1361 -24 4 4 720
L. Caudate nucleus 8 -5 6 352 13 9 19 130
R. Caudate nucleus -9 -8 6 591 -6 -5 2 111 -12 3 16 131
Cerebellum
L. Cerebellum 17 52 -22 20307 11 49 -15 3751 25 51 -22 3214 20 53 -24 718
R. Cerebellum -21 57 -20 14439 -38 38 -29 165 -16 56 -20 23440 -22 51 -21 9431

Abbreviations: L — left; R — right; BA — Brodmann area. The cluster volumes are measured in mm?>. Activated clusters were significant at p < 0.05 corrected
for multiple comparisons.
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Table 4.2 Summary of anatomical foci in Talairach coordinates showing positive BOLD responses from patient group during ME,, Ml,, MEg and Ml

. ME, — Rest MI_— Rest MER — Rest MlI; — Rest
Activated areas
X y z volume X y z volume X y z volume X y z volume
Cortical region
L. M1 (BA 4) 20 27 56 316 32 24 55 1409 30 23 54 2600
R. M1 (BA 4) -36 22 53 3478 -28 24 65 138 -31 25 62 641 -56 15 40 126
L.S1(BA1,2,3,5) 55 24 37 188 21 31 55 299 36 26 51 1706 40 25 48 4322
R.S1(BA1,2,3,5) -41 26 52 7711 -26 30 50 274 -28 32 62 620 -55 17 42 237
L. SMA (BA 6m, 24c) 5 6 55 2658 5 1 49 1782 4 11 54 2127 6 5 53 4030
R. SMA (BA 6m, 24c) -7 5 49 4671 -5 2 50 2693 -4 4 50 2424 -7 2 50 3434
L. PM (BA 6l) 22 4 58 1537 55 0 28 1268 33 13 61 683 53 0 27 2328
R. PM (BA 6l) -30 8 57 4068 -54 -2 33 2967 -37 3 54 936 -51 -1 42 847
L. PF (BA 46, 44) 58 -9 14 430 54 -7 14 758 57 -7 11 306 53 -6 14 1038
R. PF (BA 46, 44) -57 -8 14 1136 -48 -44 19 1254 -61 -9 15 108 -58 -8 14 641
L. IPL (BA 40) 56 32 35 439 60 32 28 1762 37 31 40 130 54 27 27 1388
R. IPL (BA 40) -39 40 53 1468 -39 47 54 438 -63 26 29 825 -60 33 23 155
L. Precuneus (BA 7) 18 65 47 746 27 49 50 240
R. Precuneus (BA 7) -23 73 23 257
L. Insula 41 -9 -5 125 45 0 11 267
R. Insula -40 -3 9 1284 -40 -14 4 1216
Subcortical region
L. Thalamus 20 22 11 439 15 18 2 178
R. Thalamus -13 18 4 509 -14 18 3 748
L. Putamen 27 16 6 129
R. Putamen -27 17 7 192
L. Caudate nucleus 8 -14 6 793
R. Caudate nucleus -11 -19 7 108
Cerebellum
L. Cerebellum 21 60 -21 31921 20 61 -24 25943 18 63 -23 17424 11 60 -18 1574
R. Cerebellum -17 60 -19 15302 -16 63 -23 15530 -13 59 -17 13331 -20 56 -20 7574

Abbreviations: L — left; R — right; BA — Brodmann area. The cluster volumes are measured in mm®. Activated clusters were significant at p < 0.05 corrected
for multiple comparisons.
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Unimpaired Group Stroke Group
ME, ME,

Figure 4.1 Brain activation maps obtained by group analysis for the unimpaired and stroke groups during motor execution or imagery. Activated clusters
were significant at p < 0.05 corrected for multiple comparisons. The z-co-ordinate of each image is indicated in the axial views of the mask map (in mm).
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Using Pillai’s criterion, the composite dependestiate was significantly affected
by stroke factor (Pillai’'s Trace=1.0P=0.016). Univariate ANOVAs were conducted
on each dependent measure separately to deterimnéodus of the statistically
significant multivariate effect. Statistically sifjnant group effects were observed
for the cluster volumes of contralesional SMA Vélyroxe =1963mmi,
Volynimpairea =577mni, F[1,18]=4.53, P=0.047), and ipsilesional cerebellum
(Volstrore =12050MmM, Volypimpairea =206mnt, F[1,18]=9.27, P=0.007) during
MEg, and for the cluster volume of contralesional IPYols,oxe=1730mng,
Volunimpaired:SZan?, F[1,18]=4.80,P=0.042) during ME (Figure 4.2). However,
no statistically significant group effects were etv&d for the cluster volumes during

MI tasks (Figure 4.3).
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Figure 4.2 Average volume of activated voxels (SEM) during ME. LH, left hemisphere; RH,
right hemisphere; LI, laterality index. The cluster volumes are measured in mm?>. Asterisks (*)
indicate that significant differences between stroke and unimpaired groups were observed
for the activation features at p < 0.05 by MANOVA.
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Figure 4.3 Average volume of activated voxels (SEM) during MI. LH, left hemisphere; RH,
right hemisphere; LI, laterality index. The cluster volumes are measured in mm®. There was
no significant difference between stroke and unimpaired groups for the activation features
at p <0.05 by MANOVA.
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Moreover, correlation analysis was performed ba tata of ROI activation
volume in order to explore the relationship betwésa activation patterns and the
motor function outcomes. During MI activation volumes in ipsilesional SMA
showed significant positive correlation with the $IEF scores (rho=0.699,
P=0.025). During MR, activation volumes in bilateral precuneus shosigdificant
negative correlation with the FMA_WH scores (ipsitaal precuneus: rho=-0.652,

P=0.041; contralesional precuneus: rk6-641,P=0.046) (Table 4.3).

Table 4.3 Correlations of quantitative measures with clinical assessment scores

Correlations

Quantitative measures Regions MSS_EF FVIA_WH
Cluster volume
Ml (Stroke) L SMA 0.699" 0.539
ME (Stroke) L Precuneus -0.321 -0.652"
R Precuneus -0.346 -0.641°
Laterality index (LI)
MEg (Stroke) PM -0.646" -0.434
CN_STN 0.325 0.703"
Overlap index (Ol)
Stroke MEg vs. Stroke Ml LSMA 0.669" 0.444
Stroke Mg vs. Unimpaired Mlg L SMA 0.702" 0.357
Stroke MEg vs. Unimpaired MEg L Precuneus -0.470 -0.713"
RIPL 0.695 0.135

. . . . *
Correlation values are Spearman’s rho correlation coefficients. P<0.05.

4.1.2 Lateralization of Brain Activation and Clinical Carelations

LI was calculated based on each subject’s aativapattern obtained from
individual analysis. The averages and SEMs of the dcross the subjects were
presented in Figure 4.4. From the results, larggtipe LI values (>0.5) were found
in M1, S1, PM and IPL, and a large negative LI ealig-0.5) was found in
cerebellum during both MEand ME for the unimpaired group (Figure 4.4a). Large
positive LI values were additionally found in SMAdiinsula during Mk As for Ml
tasks, only M1, S1 and PM had a large positive dlug during Mk, while none of
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the regions showed great lateralization in brativaton during M| (Figure 4.4b).
In stroke group, large positive LI values in M1, &1d IPL, and a large negative LI
value in cerebellum were also found during MBuring MEg, only M1 and S1 had
a large positive LI value. None of the regions sédvgreat lateralization in brain
activation during Ml tasks (Figure 4.4b).

Statistically significant group effects were obsel for the LI in M1
(LIstroke=0.63, LI nimpairea=0-99,F[1,18]=4.63,P=0.045), in SMA [/, ,ke=0.25,
Llynimpairea =0.70, F[1,18]=7.94, P=0.011), and in cerebellumLis ok =0.10,
Llynimpairea=—0.72, F[1,18]=21.14,P=0.000) during Mk, and for the LI in PF
(Llstroke =0.16, Llynimpairea =—0.40, F[1,18]=5.35, P=0.033) and in CN-STN
(Llstroke=—0.27, Llynimpairea=0.20, F[1,18]=5.92, P=0.026) during ME (Figure
4.4a). Significant effects were also observed lierltl in cerebelluml,;,,,.=0.25,
Llynimpairea=—0.37, F[1,18]=8.65,P=0.009) during M¢, and for the LI in insula
(Llstroke=—0.20, Llynimpairea=0-17, F[1,18]=4.44, P=0.049) during Ml (Figure
4.4b). These results generally showed that lesgaticin in the ipsilesional cortical
regions relative to their contralesional regionsl d@ss hemispheric lateralization
were observed in the stroke patients during thestemtasks.

From the correlation results (Table 4.3), thees wo significant correlation found
between the LI in the 11 regions and the motorescaluring M. During MEg, a
significant negative correlation was found betwées LI in PM and the MSS_EF
scores (rho=0.646, P=0.044), and a significant positive correlation wasind

between the LI in CN-STN and the FMA_WH scores £G@03,P=0.023).
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Figure 4.4 Average laterality indices (SEM) during ME and MI. LH, left hemisphere; RH, right
hemisphere; LI, laterality index. Asterisks (*) indicate that significant differences between
stroke and unimpaired groups were observed for the activation features at p<0.05 by
MANOVA.
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4.1.3  Overlapping of Brain Activation and Clinical Correiltions

In the comparison between MBnd Mk in stroke group (Figure 4.5a), the largest
Ol value was observed in ipsilesional primary matod sensory areas (M1 and S1).
There was a significant positive correlation betwége Ol in ipsilesional SMA and
the MSS_EF scores (rho=0.68%50.034) (Table 4.3). In the comparison between
Ml from stroke group and MIfrom unimpaired group (Figure 4.5b), the largekt O
value was observed in left/ipsilesional M1 and tigbntralesional SMA. Significant
positive correlations were found between the Oleit/ipsilesional SMA and the
MSS_EF scores (rho=0.70270.024). In the comparison between MiEom stroke
group and Mk from unimpaired group (Figure 4.5c), the largebv@lue was again
found in left/ipsilesional M1 and S1, while in then-primary motor related areas,
bilateral SMA, left/ipsilesional PM and left/ips#i®nal IPL were also found largely
overlapped during Mgbetween the two subject groups. From the cormlatgsults,
the IPL in right/contralesional hemisphere showesigmificant positive correlation
with the MSS EF scores (rho=0.693=0.026), while the precuneus in
left/ipsilesional hemisphere showed a significamgative correlation with the
FMA_WH scores (rho=0.713,P=0.021). In the comparison between pdEnd ME
in unimpaired group (Figure 4.5d), the largest @lue was observed in bilateral
SMA. In the comparison between MEom stroke group and MErom unimpaired
group (Figure 4.5e), the largest Ol values wereepfesl in right/contralesional M1

and S1.
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Figure 4.5 Average overlap indices (SEM) in the comparisons between different
tasks/subject groups. LH, left hemisphere; RH, right hemisphere; Ol, overlap index.
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4.2 Study II: Study on Remodeling of Structural Connecivity and Its
Correlation with Motor Impairments Using DTI
The nine patientfTable 3.2) were having moderate-to-severe uppas-li
impairment(FMA score less than 44 out of 66). Their averageres were MSS:
25.5 (SD = 8.4) and FMA: 29.8 (SD = 11.0). The g@ats mainly exhibited lesions at
the left posterior limb of internal capsyleLIC), pallidum and putamen. Since all
patients had left subcortical lesions, the left lspinere is regarded as the ipsilesional

hemisphere, whereas the right hemisphere is thieadesional hemisphere.

4.2.1 Effects of the CST’s Structural Properties on Mot@utcomes

Since the structural integrity of the CST is ganaeterminant of motor recovery,
ipsilesional and contralesional CSTs (fiber trgeassing through the sensorimotor
cortex and the posterior limb of internal capswieye illustrated in Figure 4.6 to
show the integrity of the CSTs across an unimpastégject and three stroke patients
with various impairment severities. The resultsniduthat the ipsilesional CST
showed a greater deterioration across the patiiits increasing lesion volume
(Figure 4.6). By contrast, the contralesional C8{Egrity of the patients was much

more comparable to that of the unimpaired subject.
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Figure 4.6 lllustration of the effect of lesion on the integrity of the corticospinal tracts (CSTs). (A) The CSTs of an unimpaired subject (U1), and (B-D) the CSTs
of three stroke patients (52, S5 and S9) with various motor impairment levels. The ipsilesional CST in stroke showed a greater deterioration across patients
with increasing lesion volume, while the contralesional CST in stroke were relatively comparable to that of the unimpaired subject.
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Besides, Pearson correlation analysis was donénvestigate the effects of
ipsilesional and contralesional CSTs’ structuralparties on the motor impairments.
Significant positive correlation was found betwdeh of the ipsilesional CST and
the MSS_EF score & 0.724,P = 0.028), indicating that smaller value in the A
the ipsilesional CST was associated with pooreromotitcome in stroke patients.
The FA of the contralesional CST showed a negdtimed with the clinical scores,
but not yet attained a significant level. On thkeothand, there was no significant
correlation between CW of the bilateral CSTs anel ¢hinical assessment scores
(Table 4.4). These results indicated that neitherRA of the contralesional CST nor
the CW of the bilateral CSTs had a significant @ffen the motor outcome of the

stroke patients.

Table 4.4 Correlations between connectivity measures of CST and clinical assessment scores

Connectivity Pearson Correlations
measures MSS_SM MSS_EF FMA_SE FMA_WH
cw LCST 0.194 0.354 0.357 0.250

R CST 0.108 0.172 0.215 0.004
FA LCST 0.581 0.724* 0.638 0.587

R CST -0.234 -0.197 -0.187 -0.056
*P<0.05.

4.2.2 Correlation Patterns Revealed by Pearson Correlatinalysis

In order to better understand the overall coti@lapattern over the whole brain,
all Pearson correlation coefficients of each bnagion from both CS-motor and
FA-motor correlations were added for the left aigthtrcerebral hemispheres. Figure
4.7 illustrated the ranked distribution of the suedues, where the red end of the
color bar indicated the regions having high rankeditive correlations, and the
violet end of the color bar indicated the regioravihg high ranked negative
correlations. The ipsilesional superior frontaltegrwas found as the region with the
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highest value of the summed coefficients (5.46)jlevthe contralesional lingual
gyrus was found as the region with the lowest valfighe summed coefficients
(-4.67). In general, the correlations between thenectivity measures (CS and FA)
and the clinical scores were mainly found posiiivehe left (ipsilesional) regions,
while the correlations between the connectivity sueas and the clinical scores were
mainly found negative in the right (contralesionayions. There were ten regions
which exhibited significant correlations, and thegre labeled in the Figure 4.7 (8
ipsilesional regions showed significant positiverretations and 2 contralesional

regions showed significant negative correlations).
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peri-
calcarine

Figure 4.7 Ranking of the summed coefficients from both CS-motor and FA-motor correlations. The color bar indicates the range of sum values of all Pearson
correlation coefficients of each brain region from both CS-motor and FA-motor correlations for left and right cerebral hemispheres. LH=left hemisphere,
RH=right hemisphere.

72



From the correlation results (Table 4.5), all significant correlations between the
connectivity measures (CSs and regional FAs) ofleffte(ipsilesional) regions and
the clinical scores were revealed as positive. I8mpiatterns were observed from the
results of CS-motor and regional FA-motor correlatanalyses. There were five
regions which showed significant positive correlai, overlapped between the
correlation analyses based on the two measures iflotuded the pericalcarine
cortex, the superior parietal cortex, the putantkea,pallidum and the amygdala in
the ipsilesional hemisphere. Besides these fivéonsg the CSs of the ipsilesional
precentral gyrus and the ipsilesional rostral nedulbntal cortex, and the regional
FA of the ipsilesional superior frontal cortex stemhadditionally significant positive
correlations with the clinical scores. From ourutes both CSs and regional FAs
demonstrated a parallel motor-correlated pattemaplving the subcortical areas
(putamen, pallidum and amygdala), the parietal &segerior parietal cortex), the
occipital area (pericalcarine cortex), and the tabareas (CS: precentral gyrus and
rostral middle frontal cortex; regional FA: superfoontal cortex). On the contrary,
significant negative correlations were also fouradher unexpectedly, between the
connectivity measures (CSs and regional FAs) ofritjiet (contralesional) regions
and the clinical scores. The involved regions wtre lingual gyrus (based on
CS-motor correlation) and the transverse tempoteg (based on regional

FA-motor correlation).

4.2.3 Correlation Patterns Revealed by Partial Correlatiéd\nalysis

The structural integrity of the CST is widely kmo as a major determinant of
motor deficits, and therefore the effects of thel8Structural properties might play
an important role in influencing the motor-correl&ipattern over the whole brain. In

order to find out whether the correlation pattewwmild be affected after removing
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the effects of the CST’s structural propertiestiphcorrelation analysis was done to
look at this issue. Based on the CS measures, @itdrolling for the CW of both
ipsilesional and contralesional CST, there were fregions in which their CSs
remained significantly correlated with the clinicedores. They were ipsilesional
precentral gyrusr{precymsssy)-cst = 0.805,P = 0.029), ipsilesional rostral middle
frontal cortex @rmrymssey)cst = 0.759, P = 0.048), ipsilesional pallidum
(Tparymsssy)cst = 0.824,P = 0.022) and ipsilesional amygdal@ufsy)mssey)-cst

= 0.754, P = 0.050) which showed significant positive cortielas with the
MSS_SM score, and contralesional lingual gyrsfe)mssgr)cst = -0.780,P =
0.038) which showed significant negative correlatiath the MSS_EF score (Table
4.5). Based on the FA measures, after controllorghe FA of both ipsilesional and
contralesional CST, there were still three regiomswhich their FAs remained
significantly correlated with the clinical scordhey were ipsilesional pericalcarine
cortex ( Tpcarymssgrycst = 0.763, P = 0.046), ipsilesional putamen
(rpurymMsssy)-cst = 0.787,P = 0.036) and ipsilesional pallidum g,y mssy)-cst =
0.848,P = 0.016) which showed significant positive cortiglas with the clinical

scores (Table 4.5).
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Table 4.5 Significant correlations between connectivity measures of brain regions and clinical assessment scores

Connectivity Regions
measures

(Pearson correlation) [Partial correlation]

MSS_SM

MSS_EF

FMA_SE

FMA_WH

CS L pericalcarine cortex
L precentral gyrus
L rostral middle frontal cortex
L superior parietal cortex
L putamen
L pallidum
L amygdala
R lingual gyrus

(0.496)[0.500]
(0.768*)[0.805*]
(0.675*)[0.759*%]

(0.557)[0.551]

(0.724*)[0.733]
(0.638)[0.824*]
(0.727*)[0.754*]
(-0.594)[-0.576]

(0.711*)[0.681]
(0.700%)[0.674]
(0.411)[0.512]
(0.690%)[0.692]
(0.573)[0.595]
(0.643)[0.814*]
(0.709%)[0.684]

(-0.811**)[-0.780*]

(0.592)[0.504]
(0.670%)[0.649]
(0.560)[0.669]
(0.452)[0.409]
(0.554)[0.568]
(0.631)[0.838%]
(0.588)[0.549]
(-0.675*)[-0.617]

(0.596)[0.617]
(0.655)[0.622]
(0.412)[0.542]
(0.530)[0.561]
(0.504)[0.536]
(0.711*)[0.805*]
(0.555)[0.503]
(-0.722%)[-0.717]

Regional FA L pericalcarine cortex

L superior frontal cortex
L superior parietal cortex
L putamen

L pallidum

L amygdala

R transverse temporal cortex

(0.718*)[0.518]
(0.785*)[0.607]
(0.775*)[0.611]
(0.712*)[0.787*]
(0.686*)[0.848*]
(0.674*)[0.529]
(-0.653)[-0.403]

(0.860**)[0.763*]

(0.767*)[0.445]
(0.803**)[0.596]
(0.584)[0.715]
(0.691*)[0.849*]
(0.598)[0.286]
(-0.667*)[-0.301]

(0.662)[0.409]
(0.754*)[0.506]
(0.632)[0.319]
(0.507)[0.542]
(0.669*)[0.775*]
(0.482)[0.145]
(-0.769*)[-0.574]

(0.765*)[0.688]
(0.704%)[0.519]
(0.633)[0.399]
(0.519)[0.563]
(0.768*)[0.825*]
(0.487)[0.184]
(-0.644)[-0.399]

MANOVAs
Wilks' P value
Lambda
221 .028
.591 490

Those regions in which their CSs or FAs remained significantly correlated with the clinical scores after removing the effects of the bilateral CSTs’ structural
properties were highlighted in bold. *P<0.05, **P<0.01.
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4.2.4 Differences Between Stroke Patients and Unimpaii®abjects

From the MANOVA results (Table 4.5), there wasstatistically significant
difference in the CSs of those significantly caatet regions between unimpaired
subjects and stroke patients (Wilks’ Lambda = 0,2% 0.028), but not found for
the FAs (Wilks’ Lambda = 0.59F, = 0.490). Followed up with univariate ANOVAs
of the CSs, significant univariate group effectgeviund for 4 ipsilesional regions
(Figure 4.8). They were precentral gyrdsSd,oke = 7.10, CSynimpairea = 10.73,
F[1,16] = 17.60,P = 0.001) and rostral middle frontal corte&S(; ,x. = 6.84,
CSunimpairea = 8.19, F[1,16] = 9.3F = 0.008) located in frontal lobe, and putamen
(CSstroke = 8.44, CSynimpairea = 11.65, F[1,16] = 4.50R = 0.050) and amygdala
(CSstroke = 2.81, CSunimpairea = 4.11, F[1,16] = 6.44P = 0.022) located in
subcortical area. Interestingly, the CSs of theggons were found lower in stroke

patients compared with the unimpaired subjects.
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Figure 4.8 Comparison of CS between unimpaired subjects and stroke patients (*P<0.05)
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Chapter 5 Discussion

5.1 Study I: Study on Neural Correlates of Motor Impairment During Motor
Imagery and Motor Execution Using fMRI

This study aimed to investigate the activatiotiggas associated with ME and Mi
in stroke patients with left subcortical lesionadao identify the clinical relevancy
of activation features in between ME and MI motaskis, and between stroke and
unimpaired groups. Laterality index (LI) and overlandex (Ol) were used to
guantify hemispheric asymmetry and the spatial rdgancy of the cerebral
activations, respectively. Our main findings showieat SMA played an important
role during MI. A large Ol was shown in the SMA ifinothe comparison between
MEgr and Mk tasks using the affected wrist in the stroke pésieand from the
comparison between stroke and unimpaired groupsgliir (Figure 4.5). The Ol
values of the SMA showed significant positive ctatiens with the MSS_EF scores
(Table 4.1). On the other hand, the activation uest in precuneus showed
significant negative correlation with the FMA_WHaoses during MR in terms of
the activation volume and the Ol in the comparibetween stroke and unimpaired
groups. In non-primary motor areas, the activatieature in contralesional IPL
showed a significant positive correlation with &S _EF scores indicated by the
Ol in the comparison between patient and unimpagredps during Mk, while the

LI in PM showed a significant negative correlatigith the MSS_EF scores.

5.1.1  Activation Features in the Supplementary Motor Area
From the brain activation patterns in strokegy#tsi, our results showed a positive

correlation that stroke patients with higher scare$orearm mobility had a larger
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activation volume in the ipsilesional SMA, and éxted more congruent functional
neuroanatomy in the ipsilesional SMA associatech WitEg and Mk. Among the
activated brain areas during MI, the SMA is reptrte be the most active area,
which plays an important role in Ml tasks and ire thigh-level motor control
(Michelon et al., 2006, Szameitagt al., 2007), and is greatly involved in the
preparation and readiness for action (Cunningtoral., 1996). Such correlated
activation features in ipsilesional SMA observedour stroke patients reveals the
importance of SMA to motor recovery after strokeorbver, increased overlap of
activation in the ipsilesional SMA was shown inoge patients with better motor
skill, when comparing stroke and unimpaired grodpsng MIg. In a previous study,
contralateral control in SMA was demonstrated prilyan unimpaired subjects
during MI, whereas stroke patients with severe Ipamaisis displayed primarily
ipsilateral control in SMA during the same conditigKimberley et al., 2006).
Although these investigators did not perform anyreation analysis to study the
relationship between the activation features aed fhatients’ motor functions, their
study supports a growing consensus that the bestorme is achieved when
activating the brain in a pattern that most resesithe normal state (Cramer, 2004,
Careyet al., 2005). The correlated activity in SMA revealedour stroke patients,
which showed a relative reduction in contralesioB®A activity and increase in
congruence of the functional neuroanatomy in iggeal SMA (more resembling
the pattern observed in our unimpaired subjectsdviges further converging
evidence in support of the enhancement of ipsitediactivity in relation to better

motor outcome.

5.1.2 Activation Features in the Precuneus

On the other hand, patients with poorer wrist aadd motor recovery showed
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larger activation volume in bilateral precuneusd @&xhibited more overlapping of
activation in ipsilesional precuneus in the comgmri between stroke and
unimpaired groups during ME The precuneus has recently been suggested by
functional neuroimaging findings in healthy subgetiat it is actively involved in a
wide spectrum of highly integrated tasks, suchisgosspatial imagery and retrieval
of episodic memory and self-processing operati@svénna and Trimble, 2006).
Moreover, precuneus and the nearby posteromededsaare regarded as the
functional cores of the default mode network (DMiNfich show the highest resting
metabolic rates with a characteristic of exhibitingnsient reductions in the tonic
activity during the involvement in non-self-refetiah goal-directed actions.
Therefore, the precuneus is proposed to be engaged interconnected network of
the neural substrates of self-consciousness, imglin self-related resting-state
mental representations. This speculation is in lindgth the selective
hypo-metabolism shown in the posteromedial cortexai condition of altered
consciousness, such as sleep, drug-induced anestiied vegetative conditions
(Cavanna and Trimble, 2006). From a similar stugigater activation in bilateral
precuneus was revealed in stroke patients duringements of their affected hand in
comparison with healthy subjects (Leheratyal., 2004). This greater activity in the
precuneus was likely attributed to the increasedada in attention required for the
more complex motor tasks, such as bimanual movesm®#nderothet al., 2005),
and was believed to provide compensation for tlserdanized motor network (Wu
and Hallett, 2005). The apparent compensatory teifethe precuneus seems to be
more significant in patients with more severe matopairments, and even during
the motor execution using the distal portion of tipper limb (i.e. wrist), which may
require more attention from the patients who hadrpecovery of their wrist and

hand functions to complete the task. This may, um,t explain why our stroke
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patients with poorer recovered wrist and hand fonst exhibited more increased

activity in the precuneus.

5.1.3  Activation Features in the Other Non-primary Motarelated Areas

In addition, patients with better motor recovesiyowed more overlapping of
activation in contralesional IPL, from the comparnisbetween stroke and unimpaired
groups during motor execution using affected wiBtEg). In particular, the
activation in PM is more lateralized to contralesibhemisphere in patients with
better motor skill. Contralesional dorsal PM (PMslsuggested to support residual
motor function following stroke, since it is moreti@e during movement of the
affected hand in stroke patients, compared withtineaubjects in previous studies
(Cholletet al., 1991, Weilleret al., 1992). The possible mechanism might be that
motor-related activity in contralesional PMd magrease excitability in ipsilesional
sensorimotor regions and, thereby, facilitate ammeiase in the gain of descending
motor signals to the affected upper limb (Bestmatral., 2010). However, in
contrast to the findings of previous studies, wistlowed those patients with more
severe impairments exhibited greater contralesioradtivation in  PMd
(Johansen-Bergt al., 2002, Bestmanmt al., 2010), our results demonstrated that
patients with better motor recovery relied moretba activation in contralesional
PM, relative to the ipsilesional. This discrepammyay in part be explained by
differences in motor impairment levels of the s&gbatients studied between our
study and previous studies, since the patientsided in their studies had mild motor
impairment with feasible hand movements for theiton tasks (Johansen-Beaal .,
2002, Bestmanmt al., 2010), whereas our patients had moderate-to-savator
impairment with limited hand and wrist control. Agreased cognitive demands of

even simple movements is found in stroke patieStsa(maet al., 2009), and the
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increased attention to simple movements woulduiin,tincrease activity in PM and
PF areas (Rowet al., 2002), our patients with better recovery migltrug more the

PM activation and even in the contralesional hehesp to support the residual
motor function. In our patients with more severentpgaresis, their motor attentional
network might be disrupted more severely, leadintgss recruitment of PM activity

required for the motor attention and/or selection.

5.2 Study II: Study on Remodeling of Structural Connecivity and Its
Correlation with Motor Impairments Using DTI

This study aimed to examine the post-stroke raatnogl of structural connectivity
by studying the relationships between the conniégtimeasures and the motor
impairments in stroke patients with left subcoitiesions. Three main connectivity
measures (FA, CW and CS) were used to evaluateastestroke structural changes.
From our results, significant positive CS-motor retations were found in five
common regions (ipsilesional precentral gyrus, Igssbnal rostral middle frontal
cortex, ipsilesional pallidum, ipsilesional amygalaind contralesional lingual gyrus)
before and after controlling for the bilateral CSI@nectivity property. Meanwhile,
the CSs of three of these regions (precentral gyassral middle frontal cortex and
amygdala) were also found significantly higher iminmpaired subjects compared
with those in stroke patients, indicating that ehélsree regions exhibited weaker

connections to the rest of the network for thek&rpatients.

5.2.1  Connectivity Features in the Ipsilesional Frontalr&as
Significant positive CS-motor correlations wereurid in the ipsilesional
precentral gyrus and the ipsilesional rostral medfitbntal cortex before and after

controlling for the CW of the bilateral CST. Morewy their CSs were also found
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significantly lower in stroke patients comparedhatihose in unimpaired subjects. On
the other hand, from the Pearson correlation rgssignificant positive regional
FA-motor correlations were also found in the ipsid@al superior frontal cortex.
From the results, higher values in either the CSthar regional FA of these
ipsilesional frontal areas were related to bettetamoutcomes in the stroke patients.
The connections to the rest of the network weretiatdlly found weaker in the
precentral gyrus and the rostral middle frontalteorfor the stroke patients as
compared with the unimpaired subjects. These msital frontal areas have been
well documented to play important role in determghthe motor performance. The
primary motor cortex (precentral gyrus) and thenfab association areas (rostral
middle frontal cortex and superior frontal cortexe reported as the key neural
substrates primarily for motor execution and plagniespectively. Our observations

from this study are in line with the existing knedge established from prior studies.

5.2.2  Connectivity Features in the Ipsilesional SubcordilcAreas

From the Pearson correlation results, signifiqaogitive CS-motor and regional
FA-motor correlations were found in the ipsilesiotentiform nucleus (which is
composed of the putamen and the pallidum). Aftertradling for the FA of the
bilateral CST, the regional FA of the lentiform faus remained significantly
correlated with the clinical scores. Moreover, @ of the putamen was also found
significantly lower in stroke patients comparedhwihose in unimpaired subjects.
Given the results, higher values in the CS andréggonal FA of the ipsilesional
lentiform nucleus were related to better motor ontes in the stroke patients, and
the connections to the rest of the network weredoweaker in this region for the
stroke patients as compared with the unimpairedest® Since all our stroke

patients were having left subcortical lesions (ryaiexhibiting lesions at the
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posterior limb of internal capsule, pallidum andtgooen), the lentiform nucleus
which is composed of the putamen and pallidum waldfinitely bear the brunt of
the brain damage induced by stroke.

Another region particularly worth mentioning leetamygdala. From the Pearson
correlation results, significant positive CS-moamd regional FA-motor correlations
were found in the ipsilesional amygdala. After coling for the CW of the bilateral
CST, the CS of the amygdala remained significaotiyrelated with the clinical
scores. Moreover, its CS was also found signifigaiawer in stroke patients
compared with those in unimpaired subjects. Coasilt higher values in the CS
and the regional FA of the ipsilesional amygdalareveclated to better motor
outcomes in the stroke patients, and the connectiorthe rest of the network were
found weaker in this region for the stroke patieagscompared with the unimpaired
subjects. It is commonly known that the amygdala hamain function in the
processing of memory and emotional reactions. Hewew recent study suggested
that the amygdala can also affect the executioncaitinuing movements by
regulating brain circuits involved in motor contrgb as to offer rapid and adaptive
changes in current behavior (Sagaspal., 2011). The amygdala has been reported
acting as a primary neural substrate to orchesaatpiick coordination between
emotional inputs and motor output processes (Armebay., 1997), given that it was
shown to be greatly involved in promoting proteetwmotor reactions (such as stop
moving or defensive behavior) in the contexts wisignificant emotional
involvement (LeDoux, 2000). Besides, a significaméraction between emotion and
motor inhibition has been observed in the amygdalggesting that the emotional
processing in the amygdala might facilitate motahnibition, and such inhibition
might be further strengthened when stop signalgeleged to threat cues (LeDoux,

2000).
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5.2.3 Connectivity Features in the Contralesional Occipiemporal Areas

On the contrary, the contralesional lingual gyansl the contralesional transverse
temporal cortex, which locate in the occipitotengbdobe, were found showing
significant negative correlations between theirrartivity measures and the clinical
scores. These results indicated that higher valudéisese connectivity measures of
the contralesional occipitotemporal regions wenegntbin relation to poorer motor
outcomes in our stroke patients. Although the ablthese regions in motor recovery
is still uncertain, our results seem to have pelalvith the previous findings from a
number of functional neuroimaging studies, in whicttcreased activity in the
contralesional hemisphere during paretic limb mosetmwas shown to correlate
with poorer motor outcome. On the other hand, niandings have also been
documented in some studies, demonstrating thevaweént of the lingual gyrus and
the temporal cortex in the processing of motioroinfation (Servost al., 2002).
Damage to the fusiform and lingual gyri that extend lateroventral areas of the
temporal lobe is believed to be the root of indgamotion perceptual incompetence
(Cowey and Vaina, 2000). Furthermore, given morneences from the functional
neuroimaging (Bondat al., 1996, Howardet al., 1996, Servoset al., 2002),
neuropsychological (Vainet al., 1990) and single-cell recording (Oram and Perrett
1994) literature, the superior temporal cortex #ne lingual gyrus are revealed
playing a critical role in motion perception: Thiegual gyrus may be responsible for
the processing of motion information and the aaquint of global form information,
while the superior temporal cortex may be respdaditr the derivation of social
meaning from this motion information (Servesal., 2002). Therefore, the lingual
gyrus and the temporal cortex are suggested tonbelved in the higher-order

processing of motion information (Servag al., 2002). These findings may
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complement our results, suggesting a possibiliag roorer-recovered patients may
require more involvement from contralesional odoi@mporal regions for motion

information processing, in order to properly guildeir motor behavior.
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Chapter 6 Conclusion

The overall objective of this study is to findtdwow the functional outcomes after
stroke be related to the changes in functional oetsv responsible for motor
execution and motor imagery, and the changes isipalystructure of the brain. This
study is split into two parts to look into the fems of brain reorganization and
remodeling in patients after stroke from both fimwal and structural perspectives,
and to correlate these features with their funetiasutcomes. Part | of this study
explores the neural correlates of motor impairntkmtng motor imagery and motor
execution using fMRI, while part Il of this studyestribes the remodeling of
structural connectivity and its correlation with tmoimpairment using DTI.

In study I, LI and Ol were used to quantify hephieric asymmetry and the spatial
discrepancy of the cerebral activations, respelgtiveur main findings showed that
SMA played an important role during MI. A large ®@as shown in the SMA from
the comparison between MEnd Mk tasks using the affected wrist in the stroke
patients, and from the comparison between stroleuaimpaired groups during Ml
The Ol values of the SMA showed significant positoorrelations with the MSS_EF
scores. On the other hand, the activation featurggecuneus showed significant
negative correlation with the FMA_WH scores duriBr in terms of the activation
volume and the OI in the comparison between stiake unimpaired groups. In
non-primary motor areas, the activation featurecamtralesional IPL showed a
significant positive correlation with the MSS_EFoses indicated by the Ol in the
comparison between patient and unimpaired groupa@WEg, while the LI in PM
showed a significant negative correlation with M8S_EF scores. From the results,

the non-primary motor-related areas, including3ihA during Ml of affected limb,
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and the precuneus, PM and IPL during ME of affetitaty, seem to play important
roles in regaining motor function in our stroke ipats with moderate-to-severe
motor impairment. In particular, more reliance e tpsilesional SMA was seen in
patients with better motor recovery when they wpesforming MI using their

affected wrist. Further longitudinal studies arearamended to identify the neural
substrates targeted by MI treatments, and to affiveir role in contributing to motor
recovery.

In study I, three main connectivity measures ,(RIW and CS) were used to
evaluate the post-stroke structural changes. Framresults, significant positive
CS-motor correlations were found in five commoniaoag (ipsilesional precentral
gyrus, ipsilesional rostral middle frontal cortégsilesional pallidum, ipsilesional
amygdala and contralesional lingual gyrus) befonel after controlling for the
bilateral CSTs’ connectivity property. MeanwhileetCSs of three of these regions
(precentral gyrus, rostral middle frontal cortexdaamygdala) were also found
significantly higher in unimpaired subjects comphwth those in stroke patients,
indicating that these three regions exhibited weakanections to the rest of the
network for the stroke patients. From the reswig are able to demonstrate
statistically significant alterations of neural oeativity in both the ipsilesional and
contralesional hemispheres in our stroke patiempared to the unimpaired
subjects, to confirm the work of previous studiasd provide more information of
the alterations in connectivity profile over theaid brain. Our findings could pave
the way for longitudinal studies in larger patignbups, to elucidate the role of the

involved regions in the process of motor recovery.
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Appendix 1 Study Inclusion and Exclusion Criteria

Inclusion Criteria — Chronic Stroke Patients:

- Between the age of 18 and 85
- First-ever stroke with time elapsed after strokeerthan 12 months
«  Substantial unilateral motor impairment

Exclusion Criteria — Chronic Stroke Patients:

«  History of alcohol or drug abuse

«  History of epilepsy

«  Cerebellar lesions

«  More than one stroke in the middle cerebral artemytory

- Bilateral motor impairment

«  Uncontrolled medical problems (e.g. cardiovascdiagase expressed as
uncontrolled arrhythmias, shortness of breath vertosigns of severe
peripheral edema at the initial neurological exaavere rheumatoid arthritis,
arthritic joint deformity, active cancer or renaehse) or psychiatric problems

«  Serious cognitive deficits that would prevent tradility to give informed
consent and/or perform the study tasks

. Pregnancy

«  MRI contraindications

«  Comprehensive Aphasia

Inclusion Criteria — Healthy Volunteers:
- Between the age of 18 and 85
Exclusion Criteria — Healthy Volunteers:

« Inability to perform study tasks

« Uncontrolled medical problems

«  History of epilepsy

«  History of alcohol or drug abuse or psychiatrinels

«  Serious cognitive deficits that would prevent tradility to give informed
consent and/or perform the study tasks

. Pregnancy

«  MRI contraindications
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Appendix 2 Motor Status Assessment

Upper Extremity Motor

Movement scale — Shoulder/Elbow

0 = no volitional movement or no contraction

1- = contraction or patient initiating first fewglees of movement
1 = performs partly/incomplete or uncontrolled roati

1+ = lacking last few degrees of motion

2- = completes full range, decreased control omgm

2 = performs faultlessly (complete, controlled ronj)i

Place and hold (shoulder: 1B, 2B, 3B, 4B, 5B; elba®& — 0 or 1)

Seated active range of motion (check wheelchaittipasg)
Shoulder Movement
1. A. Shoulder flexion to 90°, elbow 0°, forearm nalitr
Deltoid, Rotator Cuff
B. If placed, can position be held? (0-1)
Deltoid, Rotator Cuff
2. A. Shoulder abduction to 90°, elbow 0°, forearmnated
Deltoid, Rotator Cuff
B. If placed, can position be held? (0-1)
Deltoid, Rotator Cuff
3. A. Shoulder flex 90°-150°, elbow 0°
Deltoid, Rotator Cuff
B. If placed, can position be held? (0-1)
Deltoid, Rotator Cuff
4. A. Touch top of head
Deltoid, Rotator Cuff, Biceps Brachii, Triceps Brachii
B. If placed, can position be held? (0-1)
Deltoid, Rotator Cuff, Biceps Brachii, Triceps Brachii
5. A. Touch small of back
Subscapularis, Pectoralis Major, Latissimus Dorsi, Teres Major, Deltoid, Upper
Trapezius
B. If placed, can position be held? (0-1)
Subscapularis, Pectoralis Major, Latissimus Dorsi, Teres Major
6. Scapular elevation
Upper Trapezius, Levator Scapulae
7. Protraction/retraction of the scapula arm suppootetable or lap
Serratus Anterior, Rhomboids Major, Minor, Middle Trapezius
8. A. Shoulder flex 0°-30°, elbow starts at 90°
Deltoid, Supraspinatus
B. Shoulder to 30° extension with elbow flex, farassupported on table
Latissimus Dorsi, Teres Major, Posterior Deltoid
9. A. Shoulder Q elbow 90, shoulder internal rotation to abdomen
Subscapularis, Pectoralis Major, Lattisimus Dorsi, Teres Major
B. Shoulder Q elbow 90, shoulder external rotation
Infraspinatus, Teres Minor
10. Touch opposite knee
Pectoralis Major, Triceps Brachii, Pronator Group
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Elbow/Forearm

1. A. Forearm pronation from mid-position shouldérédbow 90
Pronator Group
B. Forearm supination from mid-position shoulderetbow 90
Biceps Brachii, Supinator

2. A. Elbow 0, fully flex
Biceps Brachii, Brachialis, Brachioradialis
B. If placed, can position be held? (0-1)
Biceps Brachii, Brachialis, Brachioradialis

3. Full elbow flexion, extend to 0(gravity eliminated or against gravity)
Triceps Brachii

4. Touch opposite shoulder
Deltoid, Rotator Cuff, Pectoralis Major, Biceps

Total movement scale (MSS) (Max 40)
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Appendix 3 Fugl-Meyer Assessment

Upper Extremity Motor

Position| Maximum | Test Scoring Criteria
Possible
Score
Sitting | 4 I. Reflexes No reflex activity can be elicited
Biceps =0
Triceps Reflex activity can be elicited =
2
12 Il.  Flexor synergy Cannot be performed at all =0
Elevation Performed partly = 1
Shoulder retraction Performed faultlessly = 2
Abduction (at least 90°)
External rotation
Elbow flexion
Forearm supination
6 [1l.  Extensor Synergy Cannot be performed at all =0
Shoulder adduction/internal Performed partly = 1
rotation Performed faultlessly = 2
Elbow extension
Forearm pronation
6 V.  Movement Combining No specific hand action
Synergies performed =0
Hand to lumbar spine Hand must pass anterior superior
iliac spine =1
Action is performed faultlessly 3
2
Shoulder flexion to 90° elboy Arm is immediately abducted of
at 0° elbow flexes at start of motion 3
0
Abduction or elbow flexion
occurs in later phase of motion
1
Faultless motion = 2
Pronation/supination of Correct position of shoulder and
forearm with elbow at 90° elbow cannot be attained, and/q
and shoulder at 0° pronation or supination cannot
be performed at all = 0
Active pronation or supination
can be performed even within g
limited range of motion, and at
the same time the shoulder and
elbow are correctly positioned.
1
Complete pronation and
supination with correct positions
at elbow and shoulder = 2
6 V.  Movement Out of Synergy Initial elbow flexion occurs or

=

Shoulder abduction to 90°
elbow at 0° and forearm

pronated

any deviation from pronated
forearm occurs =0
Motion can be performed partly
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or if during motion, elbow is
flexed or forearm cannot be kef
in pronation = 1

Faultless motion = 2

—

b. Shoulder flexion to 90° elboy
at 0°

Initial flexion of elbow or
shoulder abduction occurs =0
Elbow flexion or shoulder
abduction occurs during should
flexion = 1

Faultless motion = 2

c. Pronation/supination of
forearm with elbow at 90°
and shoulder at 0°

Supination and pronation canng
be performed at all or elbow an
shoulder position cannot be
attained = 0

Elbow and shoulder properly
positioned and pronation and
supination performed in a limite
range = 1

Faultless motion = 2

—

S

11

2 VI.  Normal Reflex Activity » Atleast 2 of the 3 phasic reflexe
» Biceps and/or finger flexors are markedly hyperactive =0
and triceps * One reflex markedly hyperactiv
or at least 2 reflexes are lively =
(This component is included only if the 1
patient has a score of 6 for component V). No more than one reflex is livel
and none are hyperactive = 2
Wrist 10 VII. » Patient cannot dorsiflex wrist to

a. Stability, elbow at 90°,
shoulder at 0°

required 15°=0

Dorsiflexion is accomplished,
but no resistance is taken =1
Position can be maintained with
some (slight) resistance = 2

b. Flexion/extension, elbow at
90°, shoulder at 0°

Volitional movement does not
occur=0

Patient cannot actively move th
wrist joint throughout the total
ROM =1

Faultless, smooth movement =

D

c. Stability, elbow at 0°,
shoulder at 30°

Patient cannot dorsiflex wrist to
required 15°=0

Dorsiflexion is accomplished,
but no resistance is taken = 1
Position can be maintained with
some (slight) resistance = 2

d. Flexion/extension, elbow at
0°, shoulder at 30°

Volitional movement does not
occur=0

Patient cannot actively move th
wrist joint throughout the total
ROM =1

Faultless, smooth movement =

D

e. Circumduction

Cannot be performed =0
Jerky motion or incomplete

circumduction = 1
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Complete motion with
smoothness =

N

)

«Q

Hand 14 VIII. * No flexion occurs =0
a. Finger mass flexion «  Some flexion, but not full motior
=1
» Complete active flexion
(compared with unaffected han
=2
b. Finger mass extension * No extension occurs =0
» Patient can release an active
mass flexion grasp = 1
» Full active extension = 2
c. Grasp #1 - MP joints * Required position cannot be
extended and PIPS & DIPS acquired =0
are flexed. Grasp is tested « Graspisweak =1
against resistance + Grasp can be maintained again
relatively great resistance = 2
d. Grasp #2 - Patient is » Function cannot be performed =
instructed to adduct thumb, 0
1% carpometacarpophalangegl e Scrap of paper interposed
and interphalangeal joint at 0°  between the thumb and index
finger can be kept in place, but
e. Grasp #3 - Patient opposes not against a slight tug = 1
the thumb pad against the pade  Paper is held firmly against a tu
of index finger. A pencil is =2
interposed
f. Grasp #4 - The patient should
grasp a cylinder- shaped
object (small can), the volar
surface of the 1st and 2nd
finger against each other
g. Grasp #5 - A spherical grasp
6 IX.  Coordination/Speed - e Marked tremor =0
Finger-to-nose (five « Slight tremor = 1
repetitionsin rapid e No tremor =2
succession)
a. Tremor
b. Dysmetria * Pronounced or unsystematic
dysmetria=0
» Slight or systematic dysmetria =
1
* No dysmetria =2
c. Speed » Activity is more than 6 seconds
longer than unaffected hand = (
» 2to 5 seconds longer than
unaffected hand = 1
* Less than 2 seconds difference
2
66 Total Upper Extremity Motor Score
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