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Abstract

Apraxia, ahigh-level movement disorder, is associated with performance errors during gesture
imitation, demonstrating the use of familiar objects that are present (actualusgear absent
(pantomime), or all three scenarios. Focusing on objects, apraxia haslaed effect on
manipulation judgements regarding skilled objest These manipulation deficits are potentially
attributed to damage to a purported vemtoosal stream resulting in impaired internal
representations of movement (i.e. motor imagerystdad, patients oweely on visual
affordances during objedirected motor behaviour. The cortical regions associated with the
ventradorsal stream correspond to those damaged in apraxia, in particular the left inferior parietal

lobe (IPL), adding weidtto this proposal.

Using a perceptual matching task with familiar objects and an action execution grasping task with
novel objects, behavioural work with left hemisphere stroke patients assessed whether apraxic
deficits are specific to object manipulatiand whether these patients owelly on object
affordances during skilled objentanipulation. In parallel, the effect of neuromodulation
technique transcranial direct current stimulation (tDCS) on motor imagery was explored with
healthy populations. Plermance changes during left IPL stimulation was assessed during classic

motor mental rotation and the same perceptuatag task used with patients.

Apraxic patients showed a selective impairment during object manipulation judgements of the
perceptuhmatching task, which increased with apraxia severity. Despite tDCS over the left or
right IPL equally affecting motor mental rotation performance in healthy populations, during the
perceptual matching task only modulation of the left IPL slowed reatitiees when making
manipulation judgements but nfatnctional semantic judgements regarding objaseé. These
results suggest that disruption of ventimrsal processing specifically disturbs motor
representations of objease. When repeatedly grasping abwbjects of differing weight
distribution, most apraxic patients consistently selected atstally afforded graspoint,

indicaing that apraxic patients ovegly on visual affordances after venttorsal disruption.

These results confirm that theentrodorsal stream, in particular the left IPL, is ical in
integrating perceptuatternal representations of skilled movement into cordlextendent action
plans based on visual information. Oveliance on visual affordances caused by disrupton t
this pathway not only affects perceptual manipulation judgements of familiar objects but also

experiencebased learning when grasping novel objects.
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Chapter 1

General Introduction

Over the years, neuropsychology has given uslddtaisight into the functional processes in the
brain. Clinical populations have offered support for current theory and opened new questions.
Apraxia is a particular example of a condition that has both enlightened and puzzled researchers
for many yearsBy dissecting the functions maintained and disturbed in apraxia, the condition
hasrecentlybeen suggested to reflect impaired internal representations of mowvérm. motor
imagery) that arattributed todisruption toa purported ventrdorsal sukstream of the visual
pathways modelHoweverto date this claim has rarely been directly assed&@th particular
emphasis on apraxic patiefftsnderstandingof objectuse, the currenthesis explores the
dissociable impairments in apraxfeom perception obbjectuse to skilled action executipto

establishwhether their behaviowssers this proposal.

The current thesis st directly exploreghe neural correlates of internal representations of
movement As localising function through patient researih not straightforward, the
neuromodulation technigueanscranial direct current stimulation (tDG&s usedvith healthy
populations Both classic and novel motor imagery tasks established whether stimulation of the
inferior parietal lobesupposedlymplicated in the ventralorsal streamwould modify motor
imagery performancén particular, whether the left inferior parietal lobe has a dominant role in
generating movement representatioas is often assume@hese studies offer a direct link
between rator imagery and the left IPL, and also infatmeories regarding the causeapiraxia.

The amalgamation afeuropsychologicaind neuromodakory methodsin this thesis allowed

comprehensive investigation of perception for action.

In the first part of his introductory chaptela general overview of the three key components of

the current thesis will be outlinedpraxia, motor imagery, and the ventlarsalsub-stream of

the visual pathways moddrhe introductiorwill define each component and descritmav they
interlink. Particular emphasis will be paid to objese errors observed in apraxia and how they
haveled to the suggestion of disrupted internal movement representations due to damage to the

ventradorsal sukstream of the visual pathways madel

The second part dhis general introduction will detathe two methodological techniquesed
in this thesis, clinicatesearchwith left hemisphere strokpatientsand brain stimulationvith
1



healthy participantsParticular emphasis is paid to hovesle techniques support the questions
that functional neuroimaging cannot ansWwerallowing causal associations to be made between
brain structure and functios tDCShas been seldom usedthis research field, assumptions

regarding the physiologicalfetts of the technique shallsobe discussed.

1.1. Apraxia

Originally reported by Liepmann in the early twentieth century, apraxiefined asa higher

order motor impairment in which patients display deficits in skilled movements that cannot be
attributed to a primary sensory or motor deficit (Buxbaum, 2001). Although apraxia is a broad
term that is applied to several impairments, there are generally accepted core symptoms that
appeasingularly or in combination. These typicatigcurfollowing left hemispheréesions and
affectboth sides of the body.

Gesture ImitationApraxic patients show defective imitation of gestures that are performed by a
model (Haaland & Flahert§984;, Haaland, Harrington, & Knight, 200@uxbaum Johnson

Frey, & BartlettWilliams, 2005; Buxbaum, Kyle, Grossman, & CoslettD2p Often errors are
spatiotemporal in nature, being performed in an inapjatpplane relative to the bodqgee
Figure 1.1for example)Imitation errors can be boepart specific, with dissociableegformance
identified when imitating gestures with the hands, fingers, or feet. Left parietal lesions robustly
affect hand gesture imitation whereas impaired imitation of finger and foot gestures can also result
from lesions to the left frontal cortex oight hemisphere (Goldenberg, 201hterestingly,
imitation errors manifest when replicating gestures on a manikin or when selecting matching
photographs of gesturd&oldenberg, 1995; Goldenberg, 1999). Apraxic patients also fail to
recognise pantomimedktions, or to identify their own actions from those performed by others
(Sirigu, Daprati, PraddDiehl, Franck, & Jeannerod, 1998ficating thaimitationerrors extend

beyond movement executidm movement perception

——
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Figure 1.1 Example of imitabn errors observed in apraxi
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When copying meaningless hand postures,léft imageshows the model gesture, the middle
image shows a stage in the searching movements and the right image the final posigen.
taken fromGoldenberg (203).



PantomimeDeficits are also apparent when apraxic patients are asked to produce meaningful
JHVWXUHYV RQ FRPPDQG LQFOXGLQJ VI\PEROLF DFWLRQV VXI
XVH VXFK DV 3KRZ WR XVH D KDPPHU" 3D QW R Rpprdpriate) URUV
hand position and body orientation in relation to tools, poor coordination of movement parts, and
subsitution, omission, and bodpartasobject errors (using their body parts as if they were
objects such as brushing teeth with the indexgén). On the whole, execution of these
movements is associated with spatial and temporal errors, which are more apparent in tasks

involving transitive gestures compared to intransitive (Goldenberg, 1995).

Actual objectuse.In severe cases, the errorsetved in pantomime of objiease can also be
observed during actual use afjects Performance during actual objacde often separates two
forms of apraxia, ideational and ideomotor apraxia. |deatiapedxiais considered a loss of
ideation,resultingin conceptual deficits; patientsplay a loss oknowledge othe movements
associated with objecthat affects pantomime anekecutedobjectuse, particularly during
multiple object tasks such as preparing a cup of tea. It is believed that these jagtiants are
unable to associate familiar objects with their corresponding action and may also fail to identify
the typical function of the object (Leiguarda & Marsen, 2000). These deficits often occur when
posterior temporagbarietal regions are compriseddue toimplicating semantic regioria the

brain (De Renzi & Lucchelli, 1988; Buxbaum & Saffran, 2002). Unlike ideational patients,
ideomotor apraxics show spatiotemporal errors during pantomime but show mild impairments or
relatively normal objeetise during aébn execution These patients are often described as
knowing what to do but not how to do(Boldenberg & Hagmann, 1998; Halsband et al., 2001;
Sunderland & Shinner, 200Tetswaart & Milner 2009 Improvement during actual objegse

has ber proposed to be due to reduced task difficulty, with contextual information cueing the
appropriate actioeverthelessubtle kinematic abnormalities during movements within natural
contexts coupled with correlation in pantomime performamukeactual olectuse confirms that
performance is improved but not nornaairing action executio(Clark et al., 1994; Foundas et

al., 1995).Although the frontal lobes have been implicated, the left inferior parietal(IBh¢

has consistently been associated withomotor apraxia (Haaland et al., 2000; Leiguarda &
Marsen, 2000; Goldenberg, 2008)gure 1.2gives an example of objease errors observed in

apraxia.



Figure 1.2 Examples of lpjectuse errors in apraxia.

Top (A) an apraxic patient demorating the appropriate use of scissors and paper when the
objects are present. (Bhe patient pantomiming the use of scissors and paper when the objects
are absent. Bottom (A) patient appropriately cutting bread with a knife. (B) Demonstrating
inappropria¢ objectuse by attempting to cut bread with a spooragies taken from Goldenberg
(2013.

In contrast to impaired pantomime and execution of functionaldalsjectuse described aboye
apraxic patients show intact reach and grasp action when objetibfuix not task relevant
(letswaart, Carey, & Della Sala, 2008)s these movements do not depend on gkl
cognitive processeghe confinement ofapraxic symptoms to skilled action has led to the
assumption that apraxia is strongly related to cogniéspects of motarontrol Although the

cause of apraxia is relatively unknown, it is suggested that the core deficits reflect deficient
generation of internal representations of movement, also known as motor imagery (Buxbaum,
2001). Not only are thegepresentations implicitly activated whplanning an executed action,

but also when explicitly simulating movement. This proposal may explain why apraxic errors
manifest not only in executed behaviour but also in cognitive tasks calling upon similaspsce
Despitethe selective deficits of apraxic patients sugggghat motor imagery may be impaired,
researchers seldom refer to motor imagery in relation to apraxic symptoms. Mofewstundies

have carefully teased apart what is disturbedi maintined in these patients assess/hether

there is a relationship between moitmagery integrity and apraxi&ritical evaluation of this
relationship is necessary in order to confiumether apraxia results from disturbance to internal

movement represmﬁons.



1.2.Motor Imagery

Internal representations of movement, ooton imagery can be generalised as the mental
simulation of a motor act in the absence of overt movements (CrammondJ)&80ierod, 1994).

It is described as an imagined movement fithie first person perspective and is considered
critical for the implicit or explicit planning of movement, passive observation of action, mental
operations of sensorimotor representations, and action imitation (Annett, 1995; Lotze &
Halsband, 2006). Duringxplicit motor imagery, the imager has both a visual and kinaesthetic
sensation of him or herself performing the movement. This differs from imagining movement
from the thirdperson perspective, which relies on visual resources and is considered visual
imagery (Annett, 1995; Sirigu & Duhamel, 200gynzert, Lorey, & Zentgraf, 2009).

It is generally assumed that motor imagery utilises many of the same neural correlates as motor
execution. Specifically, it is believed that motor imagery forms part of gresentational stages

of action (Jeannerod & Decety, 1998ulder, 2007). Neuroimaging data supports this proposal
with activity in a complex network of visuomotor areas during motor imagery. These include
motor,premotoroccipital, temporalandparietalareas (Decety et al., 1994; Decety, 1996guy,
Duhamel, & Cohenl1996). Of particular interest, consistectivation is obserd in inferior

parietal regionsThese areas are also active during ohbjeletted movement, with activation
present duringasks involving imagined grasping movements, perceptually based decisions and
prospective action judgements, visual presentation of graspable objects, and retrieval of postural
requirements related tmbjectuse Buccino et al., 2001; Buccino, Binkofski, Riggio, 2004,
Rizzolatti & Craighero, 2004Rumiati et al,. 2004; Caspers, Zilles, Laird, & Eickhoff, 2010;
Wadsworth & Kana, 20)1

In addition torecruiting similar cortical areas as actual movement, behavioural data indicates that

imagined action retas the same characteristics as action execution; motor imagery is affected

by an individuals actual body posture, the biomechanical constraints and inertial properties of the

limb being simulated, and also the temporal characteristics corresponding riealtheection
-HDQQHURG JRU H[DPSOH LPDJLQHG PRYHPHQW FRQ

relationship between movement difficulty and time taken to perform. In other words, the more

difficult a movement is to perform, the longer it takes to plete it, both in imagery anattion

execution Decety and colleagues confirmed that when imagining walking along beams of varying

width, imagined walking time increased with task difficulty; participants took longer to imagine

walking down narrow beams gsistent with their behaviour during actual movement (Decety &

Jeannerod, 1996)asks typically used to examine motor imagery include the laterality judgement

task and mental chronometry. Duritige laterality judgement taskvhere participants must

indcDWH ZKHWKHU WKH OHIW RU ULJKW KDQG LV SUHVHQWHG
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law and the biomechanical constraints of the hand posture; response times are slower when the
posture is more difficult to perform or when the hand being insajia restricted or impaired
(Sekiyama, 1982Parsons, 1987; Decety & Jeannerod, 1996; Nico, Daprati, Rigal, Parsons, &
Sirigu, 2003) Further, diring mental chronometry, where participants must execute and imagine
completing thumiinger opposition movenms to a metronome, the fastest metronome speed at
which the participant camaintain the finger tapping sequencerrespondsiuring real and

imagined movemer(Sirigu et al. 1995; Sirigu et al., 196; Crammond, 1997)

Motor imagery has also been clgséihked to action observation. Based on the mirror neuron
network theory established in primate research, the same visuomotor neurons that discharge
during action execution are also active during action observaliéellegring Fadiga, Fogassi,
Gallese & Rizzolatti,1992;Gallese Fadiga, Fogassi, & Rizzolatti996;Rizzolatti et al., 1996
Buccino et al., 2001 Although heavily debated,has been theorised thairror neuron activity
mediate imitation (Jeannerod, 1994) and faie basis of aadh understanding (Rizzolatti,
Fogassi, & Gallese, 2001). The existence of mirror neuron networks in humans is supported by
neuroimaging data, with action observationplicating visuomotor regionsincluding the
precentral gyrusinferior frontal gyrus ard IPL in particular(Buccino et al.,, 2001Decety
Chaminade, Grézes, & Meltzoff002;Rizzolatti & Craighero, 2004; see Caspetrsl, 2010 for
metaanalysis of areas implicated in action observatiédthough the role ofcorresponding
activity is unkrown, suchneuroimaging and behavioural data offer substantial eviddrate

action observation, motor imagery, and movement execuglgnon similar neural networks
Crucially, motor imagenyappears to forma critical part in the perception of movemend amotor

preparation

1.3.Motor imagery and apraxia

Given the necessity of internal movement representations in motor execution and simulation,
motor imagery is ideal for evaluating the integrity of these representations in apraxia. lhapraxi
is attributel to impairednotor representations, then performance should be poor in tasks requiring
motor imagery, but appropriate in tasks wher@or imagery is not necessary. Althouggme
research has explored dissociations in apraxic patients performance djeckyelated tasks,

these hae rarely been approached from a motor imagergpective

During perceptal tasks calling upon motor imagery, apraxic patients display abnormal
behaviour. In addition to impaired pantomime, apraxic patients also fail ignise@antomimed
actions, comprehend the meaning of pantomimes, or to identify their own actions from those
performed by others (Rothi, Heilman, & Watson, 198%jgu et al.,1999). Further, motor
imagery is impaired when simulating movement with thecééé limb a patient with parietal

6



cortex damage reported that when simulating movement there was a sensation of mental drag that
matched the limbs reduced motor efficiefijrigu et al., 1995; Sirigu et al., 199&eferring to

the classic tasks useddgamine motor imagery, apraxic patients display errors. Durinigathe

laterality judgement taskatients with apraxiappear teshow a selective deficit when mentally
rotating hands, while mental rotation of objects is maintained (Tomasino, RumiatiilfalJ

2003; Tomasino, Toraldo, & Rumiati, 2003Bverney & Blanke, 2009). The latter task is not
reliant on motor but visual imagery, calling upon predominantly visual .afsdgu and
colleagues (Sirigu et al., 1995; Sirigu et al., 1996) also fourtddtiring mental chronometry,
apraxic patient§imagery of the thumifinger opposition movemertid not match their actual

movements whepatients suffered from lesions to the parietal but not motor cortex.

1.4.Apraxia and object-use

Of particular relevace to the currenhiesis,evidencandicating apraxiamay be associated with
impairedmotor imagery arises from reseasdsessing errors relating to the typical use of familiar
objects In particular, perceptual tas&sabladifferent aspects of object &wledgeto be explored
that are otherwise difficult to separate during motor execution. Tthekssuggest that apraxic
patientsmay have a selective deficit perceiving the motoric elementsbgctuse, supporting
the notionthat these patients oftendaw what to do, but not how to da it

Firstly, patients with apraxia can recognise and identify visually presented objects (Daprati &
Sirigu, 2006), and order familiar objects in weight order (Dawson, Buxbaum, & Duff, 2010; Li,
Randerath, Goldenberg, & Hasdorfer, 2011), indicating that semantic representations of
familiar objects are maintained. Apraxic patients also appear to have maintained perception of
the function of familiar objects (i.e. what an object is used for); when required to pair dicts t
have a similar function (such as a matotk and lighter being used to make a flame), apraxic
patients perform appropriately. This suggests that cbjgeerrors in apraxia cannot be attributed
to impaired representations of the functional purposimiliar objects (Buxbaum & Saffran,
2002; Myung et al., 2010). However, apraxic patients perform abnormally when making
manipulation judgements (i.e. how an object is typically used) regarding familiar objects,
incorrectly producing and recognising therrect hand posture required to perform transitive
movements (Buxbaum & Saffran, 2002; Buxbaum, Sirigu, Schwartz, & Klatzky, 2003; Buxbaum
et al., 2005; Daprati, Nico, Duval, & Lacquaniti, 2010; Myung et al., 2010). This behaviour not
only indicatesthat EMHFW NQRZOHOGUJHHEV ILFR @@L WHSUHVHQWHG LC
of the brain, but also suggests that apraxic errors are closely related to motoric elements of object
use. Crucially, these selective deficits strongly support the proposapfeatic patients have
impaired motor representations that are necessary when making manipulation judggéetents.
if apraxia is associated with a selective impairment in motoric action representations, then non
7



motoric action representatigraich as the avement of the hammer hitting the nailist remain
intact This would further indicate thanotoric and nofmmotoric objectrelated actions are
processed separately in the brain.this has yet to be explored, the first empirical chapter of the

current tlesis will assess whether apraxic errors are confined to motoric action.

Interestingly, apraxic patients have been suggested to effectively use structural properties when
PDQLSXODWLQJ REMHFWY XVLQJ DQ REMHFW(VceslaxeXDO D
defined as features of an object that trigger potential actions relevant to the goal of the motor act.
During skilled objecuse, actions are afforded by both the structural properties of the object and
stored representations regarding functioral purpose. Dependingn whether an object is
grasped for transfer or for usdifferent actions are faciited (Gibson 1979; Cisek 2007). As
described,apraxic patients have maintained stored representations (semantic and function
perception) but make mrs when these intact representations must be incorporated with motor
representations, in the case of manipulation judgenmnfanctional graspgor skilled use
However, patients with apraxia do use visible affordances to infer the function of ngaekob

and appropriately grasp objects for transfer (Siggal., 1995; Goldenberg & Hagmann, 1998;
Buxbaum et al., 2003; letswaaet al.,2006; Randeratlet al.,2009; Randerath, Goldenberg,
Spijkers, Li & Hermsdorfer, 2010; Sunderland, Wilkins, DineénDawson, 2013). Téa
maintained ability to utilise visual affordance informatiopieposedo bias behaviour towards
structural rather than functional grasps during object manipulation (Randerath, Goldenberg,
Spijkers, Li, & Hermsdorfer, 2011)Correct use of visually afforded cues compliments
appropriate noffunctional grasping (Randerath et al., 2009; letswaart et al., 2006¢s@ach
indicating that objeetise performance improves with increased contextual information from

pantomime, demonstrati@nd actual objeaise (Randerath et al., 2011).

Notably, in a series of sophisticated reach and grasp tasks Creem and Proffitt (2001) found that
stored representations from the cognitive system influenced abjected action in healthy
participants een when this information is not relevant to the movement goal. When the handle
of a familiar object was oriented away from participants, grasps were frequently directed towards
the handle in an appropriate manner for their typical use even if shike@in a more awkward

grasp. Their data confirmed that motor and cognitive representations were not only distinct but
also interact. However, when a similar task was given to apraxic fsatmfunctional grasps
werechosen regardless of whether objectsenmeing grasped for use or for transfrggesting

that stored semantic representations wertebeing successfully integrated into the action plan
(Randerath, Li, Goldenberg, & Hermsdoérfer, 200@pllectively, preserved use of visual

affordance cues animpaired integration of stored representatisnggestshat apraxic errors



may not only be specific to motoric elements of actim also dependent on thygpe of motoric

action being pdormed.

Referring to manipulation of novel objects, performamerors suggeghat impairedmotor
imagerymay disruptthe integration of longerm stored representations into skertn action
plansbut also affecactions reliant upon the conceptual stages of action that cannot be completed
on the basis of vial affordance information. The novel toolest used by Goldenberg and
colleagues (Goldenberg & Hagmann, 1998; Goldenberg & Spatt, 2009) indicates that apraxic
patients are impaired when selecting a tool best suited for manipulating a cylinder. Appropriate
tool selection requires generation of an internal representation of movement to assess whether the
goal of lifting the cylinder can be achieved with a given tool. Consistent with previous research,
lesions implicating frontoparietal regions including frordaadas such as the middiental and

inferior frontal gyri and parietal lesions implicating the supramarginal gyrus through inferior to
superior parietal regions were impaired on novel famliliar tool-use (Goldenberg & Spatt,
2009), suggesting motor agery is indeed disrupted. Other tasks involving novel objects have
found similar deficits when apraxic patients are required to solve mechpoiaés (Heilman

et al., 1997)usefamiliar objects in an unusual way (Osiurak et al., 2009; Sunderlanding/ilk

& Dineen, 2011), or during actual and imagined grasping of dowels and widgets (Buxbaum et al.,
2005).

Together, apraxia appears to not only affect the generation and retrieval of internal representations
for familiar objectuse, but also the ability skilfully manipulate novel objects. Based on these
findings, objectuse errors in apraxiseemto depend on the goal of the motor act, manifesting
when stored representations regarding objects from the semantic system must be integrated into
action plas, or when actions are heavily reliant upon conceptual stages of action to allow skilled
manipulation of objects as opposed to simply grasping to move or on the hésistH#ffordance

cues.

Although the selective deficiils apraxia appear to poitd motor imagery impairment, this is not

yet certain. Amongst others, Goldenberg claihestheorythat skilful object manipulation relies

on the integration of visible and known properties of objpletsestoo much importance on the
different component®f object knowledge(Goldenberg, 2013 The criticisms Goldenberg
GHVFULEHY DUH EDVHG RQ WKH QRWLRQ WKDW D 3FRUH" J
object that contains invariant and critical features of the movement. For example, the gesture
UHSUHVHQWDWLRQ IRU 3KDPPHULQJ" FRQWDLQV WKH PRYH
which differs from the representation for using a screwdrRetrieval of motor representations

of an objects prototypical use depends on previous experiencdy gdnconly be attributed to



impaired use of familiar objects and does not account for apraxic errors during novelisbject

(as in thenovel tools HVW IRU H[DPSOH 7KH VXJJHVWLRQ RI LPSD
representations also does not accdanthe inability to use familiar objects for an alternative
purpose based on their functionally significant parts (such as adinide as an alternative to a
screwdriver due to the shape and thickness of theehlémstead of impaired retrieval of
instructions of use from semantic memory, Goldenberg and colleagues proposed that apraxia
impairs mechanical problem solving in individuals who make errors in ebgegtdisturbing the

ability to inferan objectdunction from structure (Goldenberg ldagmann,1998; Goldenberg,

2013. GoldenbergDUJXHG WKDW WKHUH LV QR QHHBQRAD HGXGL W\
specifying the configuration of the hand that is applied to the familiar object, but rather individuals
apply mechanical problem solving dependingask requirements by identifying the functional
capabilities of the object (i.e. a knife can replace a screwdritergues that the ability to apply
mechanical problem solving is disturbed in apraxia.

Goldenberg rightfully points out that it would vasteful to have one prototypigaipresentation

for each objectHowever KLV VXSSRVLWLRQ WKDW 2PDQLSX®RW\LIRWY NQ
of core representationsvershadows the definition of manipulation knowledge motor
representationas a flexble highlevel praxis system in which representations are activated and
integrated depending on task demarid® suggestion of a highvel praxis systeratems from

Heilman and colleague¢ffHeilman, Rothi& Valenstein 1982 earlyproposal that motor aztan

be separated: those requiring retrievainformationfrom memory(in the case ofypical use of

familiar objectsfor example)and those constructed de noweilman suggested that apraxia

results from a loss of stored representations of learneacmmevts if the motor memory for
appropriate objeetise is destroyedhis account offers an explanation for dissociations in the
ability to grasp objects for transfer whilst skilled objast is impairedDespite the notion of
dissociablenotoracts beinggenerally supported HLOPDQTV SURSRVDO X&IRUW X(
it can only account for apraxic errors during the peroeptir use of familiar objects. Similarly,

if stored representations of learned movements were destroyed, performance woufigemot d

with increased contextual informationontradicing the dissociable performance during

pantomimedcompared t@xecuted actiothat is typically superior.

%DVHG RQ s+aallyOrRdd€) i seems more reasonable to considePDQLSXODWLF
N Q R Z O EsGhigHével movement representatiotigat are disconnected from the rest of the
YLVXRPRWRU QHWZRUN UDWKHU WKDQ ORVW +DD@DQG HW
appropriate movement were planned the basisof an amalgamation of informationofn

different functionalsources such as sensory, motor, and semantic systems, then disturbance in

this integrative process would result in aninllormed motor plan leading to an inaccurate
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movement.The resultandisturbance in thintegration of known 1ad visible propertiesvould
account for apraxierrors duringhe perception and executionfafmiliar and novel objeatelated
movement Skilful objectuse, whether the object is familiar or novel, still requires -@nm
movement representations to lmngrated to assess the appropriateness of the planned movement
to achieve the action go&uch planning differs from grasping objects for transfer that is only
reliant on shorterm movement representations aliogvappropriate grigcalingbased on visua
affordance informatiorEqually, impaired integration of perception for action would account for
the improved performance during actual objest compared to pantomime in apraxia,;
pantomime of objeetise places greatedlemand on cognitivemechanismstha may be
disconnected, thusesulting in more action erraré¢ncreased contextual information in the
environmentduring actual objeetise reduces demand on the conceptual system leading to
improved performancé€Clark et al., 1994; Foundas et al., 1995; Raath et al., 2011).

Substantial support for the notion of dissociable motor acts that call upon information from
different functional systems stems from research exploring thralmeurelate of the visuomotor
network This researclindicaiesthe presence of dissociable pathways important for different
types of movement. Mostucially, the selective impairments observed in apraxic patients during
skilful objectuse whilst nonfunctional object manipulatio is maintainedinforms theorie
regarding he division of labar in the visual pathways model asappors the recent proposal of

an additional sukstreamthat may be critical for the integration of perception for actidms
purported substream maybe crucial when generatinginternal movement presentations

necessary for skilled action.

1.5. The visual pathways model

The visual pathways model was originally devebbgi@ough primate researci the macaque
PRQNH\ 8QJHUOHLGHU DQG OLVKNLQ LGHQWLILHG WZI
YLVXDO DUHDV $ 3GRUVDO™ YLVXDO VWUHDP SURMHFWLQJ
FRUWH[ DQG D 3YHQWUDO” YLVXDO VWUHDP SURMHFWLQJ
regions. These anatomically segregated streams were sugdesthdve different but
complementary roles in the processing of incoming visual information. When the inferior
temporal cortex was lesioned, the monkey could no longer discriminate between objects based on
their visual features, but could perform approgfiatduring the spatial landmark task where
reward location was indicated by a visual cue. Lesions to the posterior parietal cortex however
produced deficits in the landmark task whilst object discrimination was unaffected (Goodale &
Milner, 1992). This ledWR WKH SURSRVDO WKDW WKH GRUVDO YLVXL
dedicated to processing spatial information of where an object is located in space, whereas the
YHQWUDO VWUHDP RU 3ZKDW" SDWKZD\ PHGLDWHG REMHF\
11



Later research by Nier and Goodale (Goodale & Milner, 1992) however suggested these
dissociable visual pathways both manipulated information about the nature of objects and their
location in space. It was argued that separate processing of object identity and the Ibcation i
occupies was counterintuitive. Instead, it was proposed that the ventral and dorsal streams both
SURFHVV DQ REMHFWVY LOQWULQVLF VKDSH WH[WXUH FR
properties, but for different purposes (Frey, 2007). The dwmisainfor-action stream, now
NQRZQ DV WKH 3KRZ" SDWKzZD\ PHGLDWHV WKH YLVXDO FR
extrinsic properties to guide actions on a montenhoment basis. The most direct visual
pathway for action, the dorsal stream @& IRUPV LQIRUPDWLRQ 3RQOLQH" V
allowing immediate reaching and grasping (Goodale & Milner, 1992; Milner & Goodale, 2008;
Singh-Curry & Husain, 2009). In humans it is generally believed that the dorsal stream projects
bilaterally from visual to superior parietal and dorsal pmetor areas. The ventralsionfor-
perceptionstream on the other hand transforms visual inputs into perceptual representations to
support object recognition and semantic processing. A more indirect route to thecortes,

the ventral stream is suggested to embody the-tlermg characteristics of objects allowing
movement planning based on the memory of an object (Goodale, 1998; Goodale & Milner, 1992;

Buxbaum &Kalénine 2010). This stream extends from occipitalrtferior temporal regions.

Alternatively, recent evidence suggests that the visual pathasgnot dichotomous, but in fact

may possess an additional sMoWUHDP NQRZ Q-8R UWIKOHD 3 YSHDQWKZB\ W LV
role of this purported sustream that is of particular interest to the thesis. Based on the
neurophysiological evidence in the monkey, Rizzolatti and Matelli (2003) refined the visual
pathway model by proposing that the dorsal stream had in fact two distinct functional systems:
WKeétspGRUVDOY VWUHDB PUMD OVK N W Y-HoRs 8 diieniis @ driivialeRt to
OLOQHU DQG *RRGDOHYVY WUDGLWLRQDO GRUVDO SDWKZD\
superior parietal and dorsal premotor regidfalénine Buxbaum, & Cslett, 2010; Rizzolatti,

Fogassi, & Luppino, 2011). The ventddrsal stream however is thought to be important for
space perception and action understanding. It represents the core features -afsebgetions

and articulates action and object knowledghis remains distinguished from the ventral system
(Kalénineet al., 2010). Unlike theorsal pathway, the ventdorsal stream incorporates leng

term action representations required for skilled movement through reciprocal connection to the
ventral patlwvay via thelPL. This information is then projected to portions of the posterior
temporal lobe, ventral premotor cortex, and frontal eye {eteFigure 1.3for schematic view

of the cortical projections of each pathwagjucially, it is suggested #ireliance on either the

dorsal or ventralorsal sukstreams is dependent on thgal of the motor act. Consideregthe
SVWUKFWNXWBIUDV S dorsyl\atdddm rélas ldn structural based object properties to
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allow appropriate selection of prehdasiactions toreach andgrasp objects for transfer.
Alternatively, the ventroGRUVDO B3I XQFWLRQ" RU 3XVH™ VA\VWHP XWL
allowing objects to be manipulated for skilled action (Buxbaukaténing 2010; Binkofski &
Buxbaum, 2013Vingerhoets 2014

Dorso-dorsal stream

Ventro-dorsal
stream

Ventral stream

Figure 1.3 A schematic view of the cortical visual streams

According to Rizzolatti and Matelli (2003) the domorsal stream extends from the primary
visual cortex (V1), to V6, superior parietal lobe (SPL), and dorsal premotor ¢ehkR. Ventro

dorsal processing projects from V1 to the middle temporal area (MT), to inferior parietal lobe
(IPL), and ventral premotor cortex (PMv). The ventral pathway extends from V1 to V4, to inferior
temporal (IT) regions. Also illustrated is the iprocal connection between verdtlorsal and

ventral streamdmage tiken from Rizzolatti, Fogassi, & Luppino, 2011

1.6. The relationship between araxia, the ventro-dorsal stream and the left inferior

parietal lobe.

Although recent anatomical data offesubstantial support for a ventforsal stream, the
potentialrelationship between this pathway and apraxiaraesy beenconsideredThe current
thesis therefore not only examined apraxia from a motor imagery perspective by confirming
whether errorsra confined to the motoric stages of action, but also with respect to whether errors

are restricted to movements reliant on the integration of perception for action.

As described previously, apraxic patients can identify familiar objects and apprepgiztsb
objects for transfer Applying these behaviours to the visual pathway mod®intained
performance in these tasks confirms thjataxic patients haviatact ventral and dorsal streams

(Daprati & Sirigu, 2006Vingerhoets 2014 Selectiveimpairmen when storedepresentations
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must be integratethto action plandor appropriatefunctional manipulaton of objectsadds
weightto the proposal of a dysfunctional ventiorsal stream in these patierdésturbance of

this substream may result in impaid generation of internal movement representations where
visible and known properties of objects must be integrated, letswaart and colleagues
(letswaart, CareyDella Sala, & Dijkhuizen, 2001) indicated that apraxic patients could
successfully make meory-driven reach and grasp movements that are also believed to rely on
the integration of stored ventral representations into dorsal action plaeefore disturbed
incorporation of stored representations may depenthercomplexity of the movement and

whether they arbeavilyreliant on the integration of information from semantic regions.

In addition to selectivactiondeficitsduring skilled movementhe cortical regions implicated in
apraxia correspond to thosepoeted to be part of the ventdmrsal streamAs outlined by
Rizzolatti and colleagues (2011), the verdaysal pathway projects from primary visual areas to
middle temporal and inferior parietal regions. These correspond to regions along the visuomotor
network that are active duringator imagery, particularly during objemtlated movement
(Decety et al., 1994; Rumiati et al., 2004; Caspers et al., 2010; Wadsworth & Kana,011).
interest to the current thesis is the roléhaf inferior parietal lobe. Specificallihe ventredorsa
stream is purported to be left lateralised, with the left IPL forntivegcritical juncturevhere
storedrepresentationand sensorynotor information is integrated (Frey, 2Q0Vingerhoets,
2014). Apraxiatypically manifests from left hemisphere lesiaisng the visuomotor network,
especiallyafter damage to the left IPChe correspondence obrtical regions implicated in the
ventradorsal stream and in apraxia offers substastigiport for the proposdhat the two are
related.If the left IPL is canpromised this may prevent stored representations from the ventral
pathway being incorporated into the action plan. 3ilesequeninovement would therefore be
largely generated based on intact dorsal procespitgntially resulting in an overreliance on
visual informationof object structureThis corroborates apraxic patients ability to utilise visual

affordance information to grasp objects and infer their function on the babmirsthape

Although the left IPL is implicated in motor imagery withine ventredorsal stream, these
representations also activate other cortical regions across the visuomotor network. Likewise,
despite apraxia beinpeavily associated with left IPL lesior(@s detailed earlier in this
introduction) apraxic symptoms cananifest from damage to differecrticalareas. Therefore,

the critical role of the left IPL in this integrative process is uncertnstly, imparments in
gesture recognitioand pantomime of objectsehas been observed when lesions occur outside

of the parietal lobeWhen testing 33 left brain damaged patients (21 of which had apraxic
symptoms) Pazzaglia and colleaguBsazzaglia, Smania, Corato, & Aglioti, 2Q0®und that

impaired gesture comprehension for familiar transitive and intransitivergestarrelated with
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damage tahe inferior frontal gyrus but notthe IPL. Similarly, a lesion mapping study by
Goldenberg and colleaguesdldenberg, Hermsdorfer, Glindemann, Rorden, & Karnath, 2007
showed that deficient pantomime of objase was alsassociated with damage tiwe inferior
frontal gyrus, whereagbjectuse pantomime was similar for patients with and without parietal
lesions Of noteg as lesions extended into the underlying white matter it remains possible that
pantomime errors were die damage of projections to or from cortical regiomduding the
IPL. Yet thetaburst stimulation over the left inferior frontal corte healthy participants
impaired the production of transitive and intransitive gestumghile stimulation of theleft
inferior parietal lobe did not significantlgffect gesture productiofBohlhalter et al., 2011)t

was argued thagosterior parietal regions support gedection and use of objecighereas gesture
production may depend more critically on the lefeidr frontal cortex.

Although these findings call into question the necessity of left inferior parietal regions in object

use actionitiis likely that both frontal and parietal regions playimportantolein motor imagery
processedut for differentreasonsOne explanatiorfor largely frontal activatioris that the
LQIHULRU IURQWDO J\UXV VWRUHV WKH 3YRFDERZ2d@ktti\" Rl PF
& Luppino, 2001), translating information about object properties and action goalnanbo

programs. Frontal regions are alBoV VRFLDWHG ZLWK 3 X W L @Gekidhd WsulRiQ EH KD
difficulty resisting the impulse to manipulate objects presented in the visual field and within reach
(Lhermitte, 1983Decety et al., 19975uch dimhibition wouldalso interfere with the ability to

make choices between closely related alternatfeesexample whemachobjecs functionand

manner in whichthey aremanipulatedare highly similarf(Goldenberg et al., 2007 hat said
predominant froral activation in the absen of parietal lobe activity i direct contrast with

other research emphasising a major role of parietal regiomarticular the IPlin gesture and
objectuse understanding (Buxbaum et al., 200%eiss Rahbari, Hesse, & ifRk, 2008;
Goldenberg 2009; Vingerhoets, 2014

Similarly, although it is generally believed that internal movement representations are
predominantly left lateralised in inferior parietal regions, the laterality debate retaejety
unanswered, particulgrwhen referring to pantomime and actual objeset. Left IPL activation

has been confirmed when healthy individuals pantomime the use of objects, or retrieve knowledge
about hand and finger movements related to ohjset Moll et al. 2000; Choi et al. GD1;
Kellenbach, Brett, & Pattersp@003; Rumiati et al. 2004; Ohgami et al. 2004; Johi#tsey et

al. 2005; Fridman et al. 2006; Buxbaum et al., 2006; Canessa et al., 2008; Frey 2008; Randerath
et al., 2011Vingerhoets et al., 20)2However, a clear asciation between parietal lesions and
pantomime errors is not robust. As described, apraxia can manifest from lesions across the

visuomotor network, including regions external to the left IPar example, a case study has

15



been reported of a leftanded ptient who suffered from ideational apraxia after a right
hemisphere lesion. This patient could name and point to familiar objects on command, but
performed poorly when matching objects of a similar function or performing the correct object
associated moweent (Ochipa, Rothi, & Heilman, 1989). Similarly, leftdarnght brain damaged
patients have shown equal impairmariten performing the naturalistic actions of preparing a

cup of coffee and fixing a cassette recorder (Hartmann, Goldenberg, Daumullem&déeier,

2005). However, the authors argued that these errors manifested for different reasons; right brain
damaged patients struggled to follow mgitiep actions believed to be due to deficits in attention,
whereas left brain damaged patients errors atestnated defective retrieval of functional
representations and failure to problem solve through trial and error.

Despiteapraxic symptoms manifesting from leftright parietal lesiongjamage to left parietal
regions results in bilateral objegse erors whereas right parietal damage oftenty result in
contralesional impairments (Sirigu et al., 1996; Buxbaum et al., 2@as}her, there is
considerable evidence that maintains the critical role of the left IPL. A recentanedisis by
Niessen anccolleagues (2014) confirmed a predominant involvement of the left IPL during
pantomime of objeetise, with 60% of lesion studies confirming parietal lesions lead to impaired
pantomime, suggesting the IPL holds greater importance in pantomime than tioe fréetal
gyrus This lateralised activity during objease pantomime is purportedly stronger in right
handed individuals compared to Kafinders (Vingerhoets et al., 2012). Application of repetitive
transcranial magnetic stimulation (rTM®)the leftiPL has also been shown to slow judgements
regarding object manipulation, adding weight to the raet@ysis (Ishibashi, Lambon Ralph,
Saito, & Pobric, 2011)hese data support otheisearcttonfirming objectuse errors in patients
with lesions implicahg the left IPL Leiguarda et al., 200T;,omasino et al., 20@8Tomasino et

al., 2003bBuxbaum et al., 20QKalénine et al., 20)0However, he uncertainty of these results,
particularly when observing clinical data, suggests that the left IPL méeioé critical juncture
where stored repsentations are integrated insxtion plas. It was suggested that when
sensorimotor feedback is available, objesé pantomime is bilaterally modulated by superior
parietal regions and two specific regions witthe IPL (Vingerhoets, 2014)t may be more
appropriate to suggest that additional frontal or white matter damage is necessary to disrup
pantomime and/or actual objacse(Vingerhoets et al., 2011Nevertheless, the inconsistencies
in these findingswarrant further exploration of the laterality of internal movement

representations.

1.7. Thesis rationale

The regarch outlined above leatls some imprtant questions that intend be tackled in this
thesis.The work of this thesifocused ortwo main giestions Firstly, whether apraxia can be
16



attributed to impaired internal representations of movement due to disruption of thedarstrio
stream. Secondly, whether internal representations of movement are reliamimained

processing within théeft inferior parietal lobe (IPL).

In the first empiricabtudy inChapter 2a newly devised perceptual tasks usedBuilding on
previous research, this initial study assesshdtherapraxic patientslemonstrated a selective
deficit in the perceptiof how objects are manipulated for use (e.g. how a hammer is held)
Further, by including a control condition assessing the integrityfuattional semantic
representations of how two objects interact in the absence of the actor (e.g. how a hammer hits a
nail), thisstudyexplored whethemotoric andhornrmotoric action representations are dissociable
andif the latter aréntact in these patienttf apraxia is attributed to impaired motor imagery due

to ventredorsal disruption, these patients should perfaoturately when making nemotoric
functional semantic decisions, whilst manipulation decisions are disrupted. Based on the second
aim of this thesis, it is expected that apraxic patients demonstrating a selective impairment in the
perception of objeeisemanipulation will have lesions that disrupt the vertorsal pathway,
implicating the left IPL in particular.

Given the crude and variable nature of lesion data, a secondaahgiudy described in Chapter

3 directly assessed the neural correlatematfor imagery by applying transcranial direct current
stimulation (tDCS) over inferior parietal regions in healthy participants. During the same
perceptual taskused with patients in Chapter, 2athodainhibitory or anodakxcitatory
stimulation of the éft IPL should selectively diminish or improve performance during object
manipulation perception depending on the stimulation protocol applied. Such behaviour would
support the hypothesis that the left IPL forms the critical juncture where internal mdavemen
representations are generated and maintained within the «emral streanf-urther, maintained
functional semantic perception would indicate that this is distinct from manipulation perception
and not reliant on inferior parietal regio®oupled withresults fronthe initial patient study, the

results fromStudy 2would inform theories regarding tlsause of apraxia.

In Chapter 4 an additional patient study explored how impaired internal representations of
movement affect action executiorhis studyaimed to assess whether apraxic errors are not only
motoric in nature, but also whether these errors are confined to movements reliant on the
integration of perception for actioAs a majority ofprevious research has focused on apraxic
patients use ofaimiliar objectsStudy 3explored whether apraxia impacts patients ability to learn
skilful manipulation of novel objectBased on the initial aim of this thesis, if apraxia is associated
with impaired perception for action via the ventlorsal streamit is possible thagpraxic

patientsTability to learn skilful manipulation ofew objectsis affected.Using a grasping task, a
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novel experimental delineation assessed performance differences in apraxapraxin, and
healthy agematched control particd D QWtignglifting and balancing cylindrical objects of
differing weight distribution.Weight distribution was indicated either by a Wmvel visual
affordance cue (object structure), higdhHYHO YLV XDO DIIRUGDQFH FXH FR
weighted enjl or memoryassociated cue (colour of the object its&fhen giverhigh-level and
memoryassociated cues of weight distributionaccurate grasping by apraxic patiewtsuld
indicatethat these patients failed to incorporate perceptual informationviemnal regions into

their action plans. Alternatively, appropriate grasping of objects based on structural information
(low-level visual affordances) would confirm that the traditional dorsal stream is idtact.
selective deficit in conditions where stdrrepresentations must be incorporated into action plans
with maintainedgrasping based diow-level affordance informationvould indicate that errors

are confined to skilled movement reliant on verttassal processingMoreover maintained
dorsal procesing may biagraspchoicetowards lowlevel visual affordance cues, resulting in
central grasgpoints regardless of weight distribution across all conditidimese behaviours
would suggest that apraxia impacts the ability to learn howilfolgkmanipulate new objects.

The fimal empirical study in Chapter éxplored the methodology tDCS in more detail. As this
technique has beeaeldom used to assess tognitive aspects of motor contrtthe efficacy of
modulating motor imagery was considered by espj the effect oflifferentelectrodemontages

and stimulation protocol on performanddsing classic mental rotation tasks shown to evoke
motor and visual imagery depending on task requirements, the effect of inferior parietal tDCS on
performance was @lored. Based on the proposal that internal movement representations within
the ventredorsal stream are lateralised to the left IPL, stimulation of this region should alter
performance when mentally rotating hands (motor imagery) but not objects (wisigry). The

goal of this study was to inform the second aim of this thesis of whether the left IPL is critical in
generating and maintaining internal movement representations. Selective modulation of motor
imagery through left IPL stimulation would alsopport the suggestion that apraxic symptoms

are related to impaired processing in the vedotsal pathway.

1.8 Thesis methodology

The studies reported in thikdsis are divided into two mettgicbehavioural research with left
hemisphere stroke patientsth apraxia, and neuromodulation with healthy populations using
transcranial direct current stimulation (tDCS). By using neuropsychological and neuromodulatory
methods, the current thesis can directly assess the impact of disruption of particulak cortica
regions on behavioumhe main advantages and disadvantages of each method will be discussed

in relation to neuroimaging techniques.
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Functional neuroimaging can be used to indicate which areas of the brain are active during a given
task. Depending ome technique used, neuroimaging can be both spatially precise and temporally
accurate. For example, functional magnetic resonance imaging (fMRI) is a frequently used non
invasive technique that measures changes in haemodynamic response in the brain during
cognitive tasks; increased blood flow in a particular region is interpreted as increased neural
activity in response to taskemandsTherefore brain regions showing these increases in blood

flow are indirectly interpreted as being involved in the pardicoiental processes being assessed.

Although a direct relationship between haemodynamic changes and the underlying neural
response has been confirmed, the biggest limitation of fMRI, or functional neuroimaging in
general, is that these methods only pdevan indirect suggestion of which brain regions are
necessary during a particular task. Causality of brain activity and cognitive function can only be
inferred from these techniques. This is particularly evident in the research described in the first
partof the general introduction where neuroimaging implicates an array of cortical regions along
the visuomotor network that are active during motor imadéowever, lesions toertain regions

of thevisuomotor networkdo not always give rise to apraxic syimms purportedly caused by
damage to this imagery process.

Alternatively, neuropychological and neuromodulatapproaches allow the causal relationship
between observed behaviour and brain function to be assessed. Focusing on studies with clinical
popuations, the role of specific brain regions in particular cognitive functions can be examined
by associating deficits in task performance with lesion location. By teasing apart the functions
that are maintained and disturbed, clinical populations givareng insight into the functional

role of different brain structures. Patients can be explored as case studies, examining precise
lesion location and the resultant selective deficits or by grouping patients with similar behavioural
deficits to establish witleer there are common regions of damage that may be the cause of these
impairments. However, locatingnd identifyingcase study patientsith very specific lesion
location and corresponding behavioural deficits is extremely Fareexample, patient DFivo

suffers from visual form agnosia due to damage to occipital regions of the ventral stream in 1988
continues to inform current understanding of the two visual pathways méditiei( et al., 1991;
Goodale et al., 1994). Equally, recruitiagd testing aumber of patients with similar deficits is

time consuming. Lesions are often extensive and involve a range of cortical araagentgng

white matter, meaning that no two patients are the same. Further, the neural networks
compromised may be more widesad, which means it cannot be conclusively demonstrated that
the neurons in a specific region of the brain are critical to a cognitive process or whether disruption

to that areaidconnectsnformation being transferred along a network.
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On the basis ofifidings from neuroimaging and neuropsychology, nheuromodulation techniques
allow the neural correlates of different cognitive functions to be more precisely targeted. Unlike
lesion analyses, neuromodulation can be applied over very specific cortical regirnarge
number of healthy participants over several sessions. The effect of stimulation on task
performance therefore adds considerable weight to conclusions drawn from other techniques. A
frequently used neinvasive technique is transcranial magnstimulation (TMS). By producing

a rapidly changing magnetic field that passes through the individuals scalp, an electrical current
is induced in the brain. Stimulation of the neural tissue causes an action potential, which disrupts
the function of the cdical region being targeted (Pasclalone, BartreFaz, & Keenan, 1999).
Disruption of cortical function manifests in observable movement, such as muscle twitches after
stimulating the primary motor cortex, or reduced performance in cognitive taskssssiclwad
response times. TMS has relatively high spatial and temporal frequency, targeting approximately
one centimetre and with single pulse as precise @00@0milliseconds. However, TMS cannot

be used to assess the function of regions deep in thesoiirasubcortical areas.

Another norinvasive neuromodulation technique that has shown potential in recent years is
transcranial direct current stimulation (tDCS). TDCS uses a weak direct electrical current to
induce changes in cortical excitabilitynlike TMS, it does not induce an action potential in
resting neurons, but modulates the spontaneous firing rate of neurons by acting at the level of the
membrane potential. By altering a neurons resting membrane potential, tDCS can cause them to
depolarie or hyperpolarise depending on which electrode is stimulating the cortical region.
Anodal stimulation increases neuronal excitability, causing increased cell firing. Alternatively,
cathodal stimulation causes decreased spontaneous cell firing, reduginogaheexcitability.

These changes result in increased or decreased performance for each stimulation type respectively
allowing the neural correlates of cognitive functions to be considétisclhe et al., 20Q8
Nitsche & Paulus, 2031 For clarity, theseclassic modulatory effects will be defined when
UHIHUULQJ WR HDFK -HQKERMWRRGH T - HIF@®CVKINERRIBHOm
electrode sizes of 25&mDCS can assess the relationship between two target cortical sites by
using bilateral eleatrde placement for example, or the role of one target region by placing one
electrode over a target cortical area while the other is placed in a reference site that is not
important to the given task. Although tDCS is not as spatially or temporally peeciHdS, the

key advantages of this technique is that depending on how long the stimulation is applied, tDCS
can have lasting aftaffects on behaviourNjtsche & Paulus, 201 Nitsche et al., 2008).
Coupledwith its low cost and easy application, theseradffects give it great potential as a
neurorehabilitation techniqueSgparing & Mottaghy, 2008)Recent research indicates that
repeated application of tDCS improves psistke motor rehabilitation, reducesymgoms in
depression, and improvgaitinpD U N L Q V R Q(fFigfi Bt\Al.L 20@3 VWNsche, Bossio, Fregni,
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& PascualLeone, 2009; Benniger et al., 2010; Brunoni et al., 2012; Fregni et al., 2014).
Therefore, any stimulation effecshievedwith this technique in the current thewidl support

its potential to aid rehabilitation of objeuse errors observed in apraxia.

However there are some important considerations when using tDCS. Kistyt evidence
suggests that the expected effects of tDCS stimulation may not be relilableffecs of tDCS

on behaviour can vary depending on where thetreldes are placed on the head, or more
specificallydepending on the direction of current fl¢ivitsche et b, 2008; Nitsche & Paulus,
2011). Further, identification of robust atat-excitatory ad cathodainhibitory effects have

been found when looking at motor functions (for example Stagg et al., 2009) but not during
cognitive tasksA review byJacobson, Koslowsky, and Lawid(2012) siggested thagxcitatory
effects were more likely to be aelwied during cognitive tasks compared to inhibitory effects.
Finally, astDCS more subtly increases or decreases neuronal excitébilitypared to inducing
action potentials using TMS), it remaimp®ssiblethat participants camompensate for the
modulatoy effects of stimulatiomver time. Taking these factors into account, it is important to
assess different electrode montages to establish whether robust effects of tDCS can be achieved
in the given task. As this technique has been seldom used in mototi@agthe two studies
using tDCS in the current thesis (Study 2 and Study 4) therefore explored different stimulation

protocol in greater depth.

Overall the use of neuropsychological and neuromodulatory techniques in this thesis will
compliment each o#r by directly assessing whether apraxic symptoms manifest due to impaired
internal movement representations stemming from disruption to the \dorgal stream, and

more specifically whether this process is dependent on the integrity of the leftiRk.ititended

that these techniques add more insight into the causal links between brain area and function that

neuroimaging cannot
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Chapter 2

Study 1: Dissociable perception obbject manipulation and functional

semanticinteractions with objects in apraxa

2.1.0verview

As described in the general introductigatients with apraxia display obje&lated errors that
appear to beestricted to the perception and executiornthef gestures appropriat®r using
objects The empirical study in this chaptassessed the possibility that these errors stem from
impaired internal movement representations (i.e. motor imagery) due to damage to the ventro
dorsal stream. Using newly devised perceptual tagkcritical distinction was made between
skilled motoric dject manipulation judgemengs.g. how a hammer is held) and Aootoric
functional semantic representations of how two objects interact (e.g. how a hammer hits a nail).
Selective disturbance of object manipulation perceptioapraxicpatiens would sugest that
apraxiais attributed to impaired internal representations of movement due to disruption to the
purported ventralorsal streant-urther, lesion data suggests the left IPL is directly and indirectly
implicated in these patients suggesting intemalvement representations are reliant on the
integrity of this region. Howevefurtherexplorationof the neural correlates of motor imagesy

needed

2.2. Introduction

An appropriate objeatse grasp is selected based on staeprkesentationsf the olject including

its identity and typical function, with circumstantial information about the structure and location
of the object in the given situation. Recent evidendeaes that integration of known and visible
propertiesmay becarried out by the pported ventredorsal substream withinthe visual
pathways model, with the left inferior parietal lobe (IPL) being the critical juncture where these
properties are combine®izzolatti & Matteli, 2003Binkofski & Buxbaum, 2013Yingerhoets,
2014).

As described in Chapter Iis proposed ventrdorsal stream is critical in skilled action execution
and during mental representations of movement necessary for movement perception (Jeannerod,
1994; Kosslyn, Ganis, & Thompson, 2001; Lotze & Cohen, 2006; Ritiz& Craighero, 2004;
Buxbaum &Kalénine 2010). Importantly, motor imagery is needed when retrieving postural
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requirements related to skilled objerste, prospective judgements about object manipulation, and
planning of objectelated pantomimes (Buewm et al., 2001; Solodkin, Hlustik, Qne& Small,

2004; Johnsotfrrey et al.2005; Buxbaum et aR006; CreerrRegehr, 2009Gao, Duan, & Chen,
2011).However few studies have directly explored the relationship betapexia and motor
imageryto confirmwhetherappropriate objeeatseis reliant on the integrity of the ventdorsal
stream.By using a firm experimental approach, the current study teased apart different
components of obf-use to determine whethepraxics showa selective deficit in obg

manipulationperception

Data from rumimaging and neuropsychological reseamminching on this issue offersigoort

for apraxiabeing associated with impaired integration of perception and action due to damage to
the vento-dorsal substream. Neuroimging studies exploring the neural correlates of object
knowledge not only confirm that it is segregated across different cortical regions, but also that
activations associated with semantic or acptanning tasks appear highly lateralised to the left
hemisphere. More specificallyactivation of the left IPL has been found when exploring the
motoric elements of objectse (Lewis, 2006; Frey, 2007), in particular when participants are
required to imagine or pantomime grasping objects for use (Rumiatj 20@#; Vingerhoets et

al., 2008). Dissociable activations when making decisions about object function (i.e. what an
object is used for) and manipulation (i.e. haw object is grasped for use) imphat left PL
activation is specific tanotoric aspectsf objectuse. When matching picture or word pairs of
objects based on similar manipulation, more extensive left inferior parietal activations are found
compared to inferotemporal regions when matching objects basedingilar function
(Kellenbach et al.2003; Boronat et al., 2005; Canessa et al., 2008). These activiatiocate

that perception of object function is more closely associated with semantic processing in the
temporal lobe whereas perception of the gestures associated withusigiesk clsely related to

activity within the motor network, with marked left inferior parietal activation.

Although neuroimaging data correlates motoric elements of ebgectwith cortical regions
heavily associated with the verviorsal stream, it remains wrtain whether apraxia is restricted
to selective disruption agkilled movement representatioms order to confirm whether apraxia
is attributed to disruption in the integration of perception and action, deficits mlistiteel to
the manipulation of lgjects for use, whilst each aspect of semantic knowledge, emotoric

representationsf objectuse, remain intact.

The few studies that haveraduatal object knowledge in apraxia suppa@tich an expectation
Whenexploring apraxic patients understamgl of the functional purpose of objects and how they

are manipulated fothis purpose, a relationship appears topbesent between apraxia and
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manipulation perception, but not between apraxia and function perception. A study by Buxbaum
and Saffran (2002gxplored function and manipulation perception using word and picture
matching tasks. Patients were required to match objects based on similar function or manipulation
LQ WKH SUHVHQFH RI D 3IRLO" REMHFW ,Q WK HKinXQFWLRQ
SXUSRVH IRU H[DPSOH D 3VWDSOHU" 3FHOORSKDQH WDSH"~
foil object). In the manipulation condition, patients matched objects that are handled similarly
ZKHQ XVHG IRU H[DPSOH DNMQDFUSIHEHDMW HERWISHEORFXQUH D FL
DQG D 3KHGJH FOLSSHU” IRLO 5 H V X Cayrakics, Rafraxicpatie@ds W KDV
were more impaired on manipulation items, but performed comparatively in the function
condition. Myung and ct#dagues (2010) found similar results using-ggeking and semantic
judgement tasks. When compared to {apnaxic patients, apraxics not only performed worse

when explicitly matching objects of similar manipulation, but they also showed more latent
fixation on manipulatiomelated stimuli compared to unrelated objects when the manipulation
relationship was not relevant to the ta®%hile these studies have begun to disentangle the
elements of object knowledge that alisturbed and maintained in apraxiasiimportanto also

assesshdr perception ohow an objectypically interacts with another object in the absence of

the actor (e.g. how a hammer hits a nailprder to dissociate apraxia from a more general deficit

in the understanding of skillectuse.

Corroborating neuroimaging dathe perception of object function is impaired when the temporal
lobe is disrupted. Patients with temporal lobe lesions, as in cases of semantic dementia or herpes
encephalitis, display deficits in tests of atijeecognition and function whilst demonstrating the
appropriate action for the same objects (Sirigu, Duhamel, & Poncet, 1991; Buxbaum, Schwartz,
& Carew, 1997; Bozeat, Lambon Ralph, Patterson, Gerrard, & Hodges, 2000; Mahon &
Caramazza, 2003; Negri, Luwnaili, Gigli, & Rumiati, 2007). Furthergfft IPL stimulation using
repetitive transcranial magnetic stimulation (rTMS) slows object manipulation judgements
whereas anterior temporal lobe stimulation slows function judgen(ishibashi et al.2011).
Theperception of object function therefore appears to be attributed to more ventral and semantic
systems (Hodges, Bozeat, Lambon Ralph, Patterson, & Spatt, 2000). Likewise, visual agnosia
patient DF who has damage to occipital regions, cannot describe gee stz@ and orientation

of visually presented objects, but can accurately grasp objects and insert her hands into slots of
varying orientation. These movements however are grossly impaired when a short delay is
introduced prior to action execution, sug®s her deficits are attributed to maintained dorsal
processing allowing online reatb-grasp whilst ventral processing is impaired (Milner let a

1991; Goodale et al., 1994).
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The data from these experiments not only suggest that transitive errgnsukinaare strongly

related to motoric elements of objerte as opposed to nomotoric representations of objects,

but also indicates that manipulation features of skilled ohjsetremain intact but less accessible

for cognitive processing. These seleetdeficits support the suggestion that apraxic symptoms

are strongly related to impaired integration of perception and action necessary to generate internal

motor representations for skilled objerse, attributed to the ventdorsal substream.

Howeve as described, @ommon limitation of these studies is that the extent of maintained
perception of object function in apraxia remains uncertain. Due to the use of pictures or words of
objects in isolation during function decisions, it remains possibleptiteents may understand

the functionalgoal of objectuse without a clear idea of the actions required by both the object
and the actor to achieve that goal. In order to use an object for a given purpose, an individual must
identify the following: i) whathe object(s) is used for ii) the functional parts of the objects and
the motion required to fulfil that purpose, and iii) how to manipulate the object for use. For
example, when using a hammer, an individual must understand i) a hammer is used to apply
impact to another object, ii) the head of the hammer must move in a downward motion onto the
object being hit, such as a nail, and iii) a power grip must be applied around the handle of the
hammer. When presenting an image of the object in isolationiréhévwfo nonmotoric aspects

of objectuse cannot be distinguished. In light of this, apraxia may be attributed to a more general
semantic deficit in that patients understand the functional goal of the object in question but not
the actions required to delre that goal. If this were the case, it would be overly simplistic to
assume that apraxia is caused by disruption within the vdotsal strearmnon-motoric errors

in apraxia would suggest that the deficit is not caused by disturbed integration efitpatc
information from the ventral pathway into the dorsal action systeich is the purported role

of the ventredorsal pathway.

Using a series of perceptual matching tasks, the current study aimfathty tease apart the

forms of object knowledgenaintained in left hemisphere stroke patients with apraxia. By
dissecting each aspect of objeske to account for the distinctions outlined above, these findings

will confirm more confidently whether apraxia is attributed to impaired integration of piemrcep

and action necessary for skilled objese. Patients were assessed not only on their semantic
understanding of objects, but also on "lBRWRULF pDFWLRQ UHSUHVHQWDWL
words how an object typically interacts with another ohjjethe absence of the actor (e.g. how

a hammer hits a nail), and motoric features, or object manipulation perception, of how the object

is handled for use (e.g. how the actor manipulates the hammer to apply impaaiseTdiea
perceptual task allowed dearcut distinction to be made between each aspect of elgect

maintained in apraxia whilst also enabling both ideational and ideomotor apraxia to be assessed.
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As observed in the core symptoms of apraxia, pantomime is more largely aftectmatients
cannot rely on the physical properties of the object to afford the apgte@mesture for use
(Randerath et al2011; Vingerhoets, 2014). If an action execution taskeconducted, deficits

in objectuse would be heavily compensated by reliance on hidfaadances.

It is hypothesised that if apraxia reflects deficient access and implementation of motor
representations associated with skilled objess#t due to impaired integration of perception and
action, these patients should perform well when makiogmotoric semantic or functional
semantic decisions about how objects are used, but show a selective difficulty making perceptual
decisions about how objects are manipulated for use. Such behaviour would not only confirm that
motoric and nofmmotoric elenents of objectise are perceptually independent but support the
proposal that disruption of the venilorsal stream results in apraxiRatients with these defts

are also expected to have lesions that implicate the lefHB\vever if apraxic patiestperform

poorly when making noemotoric functional semantic and motoric manipulation decisions, this
would suggest that apraxia may be associated with a more general deficit in the understanding of
skilled objectuse that cannot be attributed to impaiirgeégration of perception and action.

2.3. Method
2.3.1. Participants

A total of 39 participants were recruited; 14 acute stroke patigtitsapraxia(Mage= 68+ 11, 7

male) and 25 agmatched healthy control participantdage= 70+ 8, 12 male). All pdicipants

were formally righthanded and gave informed consent to participate in the study. The study

received ethical approval from the local NHS ethics committee and the ethics committee within
IRUWKXPEULD 8QLYHUVLW\TY '"HSDUWPHQW RI 3VA\FKRORJ\

Apraxia patientswere recruited from National Health Hospitals and rehabilitation centres in the
North East of England. Based on CT, MRI scans and clinical notes, patients were selected having
suffered a brain haemorrhage or an infarct in the left hemisphera whih last six months.
Patients presented with degrees of rgiided weakness, aphasia, or sensory loss. Symptoms of
apraxia were determined based on gesture imitation and -aigie¢pantomime and actual use)
tests; patients were recruited if they peried abnormally in one or more of the apraxia screening
tools. The full screening battery was given within a few days of experimental t&stied.able

2.1 for patient details an@lable 2.3 fordetails on apraxia screening performance.

Based on clinicahotes and additional standard test batteries, patients were excluded if they

showed i) any global cognitive deficit or known dementia, ii) severe receptive aphasia or were
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unable to follow onestage commands (based on the token test for language congioah&e

Renzi & Faglioni, 1978), iii) a history of alcohol dependence aende of substance abuse, iv)
significantvisuospatial neglect (based on the Apples Test by Bickerton, Samson, & Humphreys,
2011).

Table 21. Description of each apraxic patientin Study 1.
The descriptionincludes MS and GW who were excluded due to poor performance on the

screening conditions of the experimental task.

Right
Age at Days sided Aphasia Language_ Apraxia
. post motor Neglect/ comprehensior  Screen
Patient Sex test noted m ; .
(years) stroke weakness admission hemianopia (stage reachec performance
at test on of Token Test) (%)?
admission

FR M 81 40 Y N N 6 96
JAH M 72 41 Y N N 6 93
JH F 66 35 Y N N 6 95
HG M 81 64 Y Y N 6 88
DF M 68 63 Y Y N 6 90
MAS F 75 20 Y Y N 5 85
AA F 81 19 Y Y n.t. n.t. 58
JA F 46 61 Y Y N 2 83
PB F 63 51 Y Y N 5 67
AH F 72 61 Y Y R neglect 6 88
WM M 78 62 Y N N 6 85
™ M 61 160 Y Y N 6 95
MS F 60 58 Y Y L neglect 4 24
GW M 49 101 Y Y n.t. 3 52

Note.F: Female; M: Male; Y: Yes; N: No; LLeft; R: Right n.t: Not Tested
a8Apraxia Sreen performancéb) is the overall accuracy across all the apraxia screening tests: imitation

(hand and finger gestures) and objese tasks (pantomime and actual use).

'"HWDLOV RI HDFK SD \Whetli@theor addddvIRIR€poiis\taii¢ Voknd Table

2.2. This table also includes details of the Brodmann areas implicated. To determine which
%YURGPDQQ DUHDY ZHUH GDPDJHG HDFK SDWLHQWTfV OHVLF
on the basis o0 WKH UDGLRORJLVWTV UHSRUW XVLQJ 05,FURQ VRI
Bonilha, 2007; http://www.mccauslandcenter.sc.edu/mricro/ mricron/). Scans were normalised
(using Clinical Tool box software through SPMprden, Bonilha, Fridriksson, Bender, &
Karnath,2012; http//www.mricro.com/clinicattoolbox/) and applied to the Brodmann Atlas

included in MRIcronFigure 1.1 includes scatices of lesions for each patient.
Healthy control participants ZHUH UHFUXLWHG IURP WKH 3V\paktRORJ\

database. These participants were-@m@éched to the apraxic patients and did not have a history

of brain damage or stroke. As compensation for their time, participants received £3.

27



8¢

Table22. ' HVFULSWLRQ RI HDFK SDWLHQWTV OHVLRQ LQ 6WXG\
Detalediseach SDWLHQWY{V OHVLRQ DV GHVFULEHG LQ WKH UDGLRORJLVWTYV &7 DQG RU 05, UHSRUWYV C

Lesion zleft hemisphere lesion information on basis of acute CT/MR  Brodmann Areas damaged basis of clinical scan (% = amount

Lesion

Patient . report lesioned)
includes IPL >75% 25750 <25%
FR Y New infarct L posterior horn of internal capsule; old L paretaipital 2 40,41 4,21,39,42, 48
lesion
JAH N L cerebellar infarct
JH N L thalamic bleed
HG Y L parietal iffarct 2,3,6,1939, 40,48
DF - Evolving L frontotemporeparietal infarct & L insula
MAS N Small vessel disease affecting periventricular white matter, L temporal
& L internal capsule
AA Y L MCA infarct involving parietal white matteand cortex 42 17,40, 41 21, 37,39
JA N L MCA infarct 34, 38 47 6, 11, 20, 21, 22, 41, 44
PB Y Large L frontal bleed 3,4,6 8 9, 32,40, 43, 44, 46
AH N L MCA infarct involving L putamen, internal capsule, & caudate he 34 10, 11, 25, 3245, 46 47
Extending into L frontal whe matter
WM - L total anterior circulation infarct
™ N Ischaemic change in the L MCA occlusion 42

Note.Y: Yes; N: No; L: Left; R: Right; ACA: Anterior Cerebral Artery; MCA: Middle Cerebral Artery.
Brodmann areaattributed to the inferior parietal leb (areas 39 & 40) are indicated in bold.

Scan reports details only are included Jer and WMbecause their scans could not be obtained for digitédto)F becaus¢he scan was performed too early for
the lesionto be accurately localised, and for JAH because his lesion was confined to the cerebellum. MS and GW do not featuneyeeaaesextcluded on failing

the perceptual screening (for lesion details see the data analysis section of the method).



Figure 21. Scan slices of lesions of each patient in Study 1.

Scansliceswere applied to a template scan allowing clear visualisation of the anatomical
landmarksusing MRIcron software package (Rorden et al., 2007; http:/imevausliand
center.sc.edu/mricroiricron/).Clinical scans could not be obtained for patients JH and WM; the
scan for DF was performed too early for th&de to be accurately localised. JAH is not featured

as his lesion was confined to the cerebellum. Scans for patients MS and GW sirewro here
because they were excluded on failing the perceptual screening (for lesion details see the data

analysis section of the method).
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Table 2.3. Apraxia screening performance of patients in Study 1.
Screening performance and error types includexgluded participants MS and GW.

Apraxia Screening

Patient Gesture Imitation (total score) Object use (total score)
Hand (20)  Errors Fingers (20) Errors Pantomime (53) Errors Actual (18) Errors
FR 20 17 fe 53 18
JAH 16 hm; sm 20 48 bpo 18
JH 19 17 fe 53 18
HG 10 hm; sm 18/18 53 18
DF 15 hm 19 47 bpo; sm 18
MAS 17 hm 19 31 bpo; sm 18
AA 10 hm; sm 12 p of hands; fe. 21 S0; SS 15 SO; SS
JA 19 20 26 ao; aa, gm; sm 16 ao; aa; gm; sm
PB 17 hm; sm 17 fe 14 so; aa; bpo; ss 13 ao; aa
AH 19 19 33 ao; bpo; sm; ss; 18
WM 18 sm 12 sm 48 18
™ 17 fe; sm 19 53 18
MS 5 p; hm;fe 0 fe; sm 3 ao; bpo; ss 12 ao; so; aa; ss
GW 16 hm; sm 4 p of hands; sm 10 ao; aa 16 aa

Note.Types of performance error have been gitrenfollowing acronyms: GESTURE IMITATION: perseveration (p); hand misorientation (hm): misorientation of
the hand relative to the face; finger extension (fe): incorrect fingers extended from hand; spatial misorientation (sngotiamiztion relativéo the experimenter,

e.g. back of hand instead of palm facing. OBJECT USE: action addition (aa): miscellaneous actions not interpretabie tedagkpe.g. wavingiction omission

(ao): failed to perform any recognisable action; step omissionfésled to complete some parts of the movement, e.g. rotating hand when squeezing a lemon; body
partasobject (bpo): e.g. brush teeth with finger; semantic substitution (ss): e.g. stir with fork; grasp misestimation (gredt igpamp size/type for @ut, e.g.

pincer grip for cup; spatial misestimation (sm): incorrect relationship between object relative to body or another jrefgeence



2.3.2 Procedure

Healthy control participants were tested within the Psychology Department and patisnts we
tested at home or at the bedside over two to three sessions, each session lasting approximately 30
minutes. Initially, patients were screened for cognitive, motor, or sensory deficits before being
assessed for symptoms of apraxia. Lastly, patients gieed the experimental task. All tasks

were presented on paper.

2.3.3. Materials

Apraxia Screening

Imitation of hand and finger posturéSoldenberg, 1996Patients were required to imitate hand

and finger postures demonstratedhoy experimenter. Hambstures consisted of different hand
positions relative to the head and finger postures defined by configurations of the fingers
irrespective of the hands position relative to the body. The experimenter sat opposite the patient
and demonstrated each gestit tOLNH D PLUURUY SHUIRUPLQJ HDFK SR
EH LPLWDWHG ZLWK WKH SDWLHQWVY OHIW KDQG ,PLWDW
ended. Two points were given for successful imitation on the first trial; one point iftibatpa

was successful after a second demonstration; zero points if the patient failed to imitate the posture

correctly. Ten gestures of each kind were presented and a total score of 20 could be achieved.

Pantomime of object ugbased on Goldenberg et,&007). Drawn images of 19 objects taken

from Cycowicz, Friedman, Rothstein, and Snodgrass (1997) were presented and patients were
asked to demonstrate their use. The examiner named the action and patients were marked on the
presence or absence of predeti movement features; a maximum of 53 points could be obtained,
ZLWK OHVV WKDQ SRLQWYV FRQVLGHUHG SDWKRORJLFDO )
ZLWK D SHQFLO" SDWLHQWY UHFHLYHG WKUHH SRLQWYV LI
Rl VPDOO DPSOLWXGH LQ WKH KRUL]RQWDO SODQH"™ DQG W
Body-partasobject errors were marked as incorrect except when demonstrating the use of

Scissors.

Actual object usg¢based on De Renzi & Lucchelli9&8). 18 of the objects presented in the
pantomime test were given to the participant to demonstrate their use. One point was given for
every object used correctly, and zero for incorrect movements. It was considered pathological if

errors were made whetlemonstrating the use of two or more objects.
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Experimental Task

$FURVV IRXU FRQGLWL R@B&peigdplibiiab asSd3$piV N hE fiBWblddnaitions
screened semantic object understanding; the third required a functional semantic dewuision; a
fourth an object manipulation decision. The stimuli included drawn pictures of objects taken from
Cycowicz et al. (1997and pictures taken from an Internet search engine and then modified. Hand
postures featured were created using a Canon Powersho® $X22.1 mega pixel camera. Each
posture was created by holding the target object, removing it, and maintaining the posture whilst
the photograph was taken. The photos were edited and grey scaled using GIMP 2.8 image

manipulation program. Two independeassessors confirmed reliability of these photos.

In each condition, participants were given simple verbal instructions and asked to point to the
correct image amongst distractors. The same target objects were used across all conditions to
directly assess(WNKH SRLQW DW ZKL F#selperGeptivh Gexebotaiéd. ThE disHaeMt
LPDJHVY FRQVLVWHG RI DQ uDIIRUGHGY GLVWUDFWRU GHILC(
for effective objectXVH DQG puXQDIIRUGHGY GLVWWUInplausle/ GHILC
impossible for objeetise. There were 20 trials in each of the four conditions, totalling 80 overall.
Accuracy and response times were recorded; participants were given one point fortrialsect

and zero for incorrect.

Semantic objeainderstanding (screeningT:he initial Object Identificationcondition required
participants to point to the target object amongst three distractors in a 2x2 array. Distractors
consisted of random objects; some of which also appeared in upcoming corditimsmise

the number of new stimuli seen by the participant. Insé@mond screening task asdbsequent
FRQGLWLRQV WKH WDUJHW REMHFW ZDV SUHVHQWHG DV
presented underneath. The second condi@dmect Pairng required participants to point to the

object typically used with the target. The paired object was presented with two distractors, one
affordancerelated and one affordancé Q UHODWHG )RU H[DPSOH WKH WDL
SDLUHG ZLWK PWUQPRGOXPHRIDHUIADVVGHD®@ EFRUUHFW DQG uGF

unrelated/incorrect).

Functional semantic decisidobjectobject) Participants were required to identify the scenario

in which the target object was being used correctly with tireghabject shown in the previous
FRQGLWLRQ -REMHFWREWHWDFWLRQY LPDJHV ZHUH SUHVH
(affordancerelated and affordanagnrelated). The paired object (e.g. the nail when used with the

target hammer) maintaingdde same orientation in all images.
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Manipulation decisior(handobiject): Rarticipants pointed to the correct hand posture for using
the target object. Two postures were presented, one correct and one affoetitedeincorrect.
Participants were regstd not to pantomime the movement. Hefhded postures were
presented so that participants were able to imagine the movement withrtaiééctedhand in

the event of rightided weakass Figure 22 shows an example of each experimental condition).

Figure 22. Stimuli presentation in each condition of the experimentalitaSkudy 1.

UVLQJ O DN\HWKH H[DPS O &B)tidadall oBjeetMikidendtanding with Object
Identification and Object Pairing conditions. Respectively, particippaisted to the target
object and the object typically used with it. C) Functional Semantic decision assessed perception
of objectobject interaction; participants indicated how the paired objects are typically used
together by selecting the target imagight) from affordanceelated (left) and affordanee
unrelated (middle) distractors. D) Manipulation decision assessedobgeat perception; how

an object is typically held for use between the correct posture (left) and afforddatesl

incorrect (righ).

2.3.4.Data Analysis

Participants were excluded from the study if accuracy was less than 90 percent (less than 18

correct of the 20 trials) in either condition of tBemantic Object Understandisgreening, as

this suggested a level of semantic defiBased on this criterion, patient MS and GW were

excluded due to 70 and 85 percent accuracy respectively @bjeet Pairingcondition. CT and

MRI scan reports confirmed MS suffered a left temporal lobeasule infarct(iimplicating

Brodmann areas &, 4, 8 and 40yhilst GW had infarcts in the left tempeparietal, basal

ganglig and parietabccipital regions (Brodmann areas 6, 19, 20, 22, 31, 38936onsistent

with more semantic impairments. The remainil2gD SUD[LF SDUWLFLS €egual] SHUI
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to or greater than 95 percent in both conditions of the semantic screening-sArople itest
confirmed that performance was comparable to 100 percent acc@agt Identification
(M=99.615,SD=1.387),t12=-1.0, p=.337, Object Pairing(M=98.846, SD=2.193),t12=-1.897,

p=.082. Alpha level fosignificant scores was less than .05.

A mixed model analysis of variance (ANOVA) was conducted to compare performance of apraxic
and control participants during tR&inctional Semantic and Manipulatioonditions. A score of
accuracy (%) divided by reaction time (RT) in seconds was measured to account for any speed
accuracy tradeff. A more positive score characterises high accuracy and fast RFhdtost
analyses were conducted using independent sasnipdsts with a Bonferonni correction for

multiple comparisons.

Finally, using the data from the apraxic participants alone, the relationship between apraxia
severity and task performance was explored using gpaametric ondailed SpeaPDQfV UKR
correlation. Apraxia Screen performanegas calculated as the overall accuracy (%) across all the
apraxia screening tests: imitation (hand and finger gestures) andudgetetsks (pantomime and
actual use). A composite score of task performance was deldufunctional Semantic
condition (Accuracy/RT) minus Manipulation conditiohcturacy/RT). If the composite score
deviated from zero this indicated a greater difference in performance between conditions; a
positive composite score illustrated a poorerfggenance in theManipulation condition
compared to the Functional Semantandition and a negative score illustrated a comparably

poorer performance ithe Functional Semantic condition

2.4.Results

2.4.1. Functional Semantic and Manipulation Task fpanance + Apraxic patients versus
Healthy controls.

The aim of the study was to confirm whether patients with apraxia are impaired when making
perceptual decisions regarding skilled objest said to rely on ventdorsal processing. A
mixed model ANOMA was conducted to confirm whether the performance of apraxic patients
differed from control participants, and if so, whether these differences were specific to the
Manipulation condition. Accuracy/RT perfoance was explored between Tg§knctional

Sematic & Manipulation) x Apraxia(Apraxic Patients & Healthy Controls).

An initial main effect of Bsk (F,35 = 55.440,p <.001) indicated that performance in the

Manipulation condition was poorer overdifl & 1.271,SD = .242) compared to the Functional
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Semanticondition M = 1.533,SD=.164) across participants. Further, a significant main effect
of Apraxia(F,3s=10.369p =.003) confirmed that apraxic patients performed wdvse (.309,
SD=.272) than controld = 1.495,SD= .133) in both tdsconditions.

Of interest, the ignificant interaction Task x ApraxiéFa,3s = 7.367,p =.010) revealed that
performance differed between each participant group and task conditiodfigaes 23). Post

hoc independent sampletests confirmed that agxic patients performed significantly wordé (

= 1.131,SD = .320) than controlsM = 1.412,SD = .164) duringthe Manipulationcondition
(tassan = -2.863,p = .013). Alternatively, performance was comparable between apraxic and
control participants ding the Functional Semanteondition a3 2s5=-1.321,p = .209).
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Figure 23. Performance of apraxic and healthy participants in Study 1.

Accuracy(%)/Reaction Timas presented forthe Functional Semantic and Manipulation
conditions of the exgrimental task. A high score represents high accuracy and fast reaction time
(RT). Standard Error (SE) bars are plotted for each condition and participant group. An asterisk
marks the significant difference between apraxic and control participants inahgpWation
condition(p<.05).

2.4.2 Apraxia Severity
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The relationship between apraxia severity and task performance was explored usinrg a non
parametric oneWDLOHG 6SHDUPDQYfYVY UKR FRUUHODWLRQ ,W ZDV
severity would orrelate with a decrease in performancethie Manipulation conditionA

significant negatie correlation between perforn@aon the apraxia screeniagdthecomposite
score(rg12)=-.522,p=.041) was confirmed. Observing the scatterpl&igure 24, thereappears

to be a linear trend in composite performanceaprdxia screen performanaegith performance

in theManipulationtask decreasing as apraxia severity increases.

Figure 24. Correlation scatterplotbetween composite score and apraxieesn in Study 1.

Scatterplot of the correlation between composite score of Accuracy(%)/RT for Functional
Semantic minus Manipulation conditions and apragi@en performancg€o). A dashed line of

fit is plotted, R = .242. The greater the composite scoreiated from zero the greater the
difference in performance between the Functional Semantic and Manipulation conditions; a
positive composite score indicated a comparably poorer performance in the latter condition and a
negative composite score indicated anparably poorer performance the former. A high

percentagéndicated accurate performance in apraxia screening.
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2.5. Discussion

To confirm whether apraxia sssociated with impaired internal movement representations due

to ventredorsal damage, it wasnportant to assess whether apraxic patients ilgmhired
perception of motoric elements of objerte (object manipulation) wittmaintained nommotoric
MDFWLRQ UHSUHVHQWDWLRQVY RI KRZ DQ REMHFW W\SLFDO
the actor (functional semantic perceptioRjevious studies have overlooked this distinctin.
GRFXPHQWLQJ HDFK 8issvodiat@wdirnettsivithds€tafk®dy lalsoaimed

to confirm whethemtegration of perception and action via tremtradorsal stream is reliant on

preservegrocessing in the left IPL.

When comparing apraxic performance to healthy controls, apraxic patients made considerably
more errors perceiving motoric hanbject interactions in the Manipulation condition careul

to control participantsThis isconsistent with previous research illustrating that apraxic patients
make errors when imagining or pantomiming objest, or when matching objects based on
similar manipulation (suchs a computer keyboard and pip(@oldenberg, 1995; Buxbaum &
Saffran, 2002; Daprati & Sgu, 2006; Myung et al., 2010). Alternatively, apraxatients
performance in the Functional Semantic condition was comparable to controls, demonstrating
maintained perception of nemctoric objectobject interactin. Coupled with accurate
performance in the semantic screening tasks, these results support the proposalrtizabrion
features of objeeXVH LQFOXGLQJ uDFWLRQ UHSUHVHQWDWLRQVT F
are not associate with apraxia. By maintaining the same target objects throughout each
experimental condition, accurate performance in the semantic screening tasks confirmed that any
errors in later contibns could not be attributed to impaired semantic representafibese
findings support previous research indicatitftat apraxic patients have maintaineentral
processin@gnd can appropriately match objects of a similar function (Buxbaum & Saffran, 2002;
Myung et al., 2010).

The negative correlation between aprasgéacen performancand composite score emphasises

the relationship between apraxia and motor representations of-ubgees severity of apraxic
symptoms increased, performance in the Manipulation condition decreased compared to the
Functional Semanticondition. Although a causal link cannot be verified throagtrelation,
coupled with the dissociabperformance between apraxics and healthy controls, the current data
strongly suggests that defickeenin apraxia are associated with impdigercepton of motoric
features of objeetise Thisadds weighto thesuggestion that apraxia is associated with impaired

internal movement representations.
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Another goal of the current study was to confirm whethelettéPL is thecritical juncture where
percepual and action processes are integrated via the purported -densa sukstream,
allowing accurate manipulation perception. If this is the case, patients with lesions implicating
the left IPL were expected to perform poorly in the object manipulatiodition. Observing the
OHVLRQ GDWD IURP UDGLRORJLVWIV UHSRUWY DQG GLJLW
appear to involve the left IPL either directly or indirectly. Approximately half of the apraxic
patients had lesions encompassing dfelPL. In the remaining apraxic patients, lesions did not
involve the left IPL itself, but were in other regions of the frontoparietal network including the
FHUHEHOOXP WKDODPXV EURFD YV, tiatarebheallQassocit&ikvithO\L Q J
disruption ofleft IPL function, apraxia and objeatse deficits Goldenberg & Hagmann, 1998;
JohnsorFrey, 2004; Buxbaum et al., 2005; Buxbaum et al., 2007; Sunderland et al., R011).
review of apraxia from subcortical damage found that of 82 caseajagityn of patients had
lesions implicating the putamen, thalamus, basal ganglia, internal capsule, and periventricular and
peristriatal white matter (Pramstaller & Marsden, 1996)cases where white matter damage
disrupts corticocortical and corticoswstical connections, apraxia can be persistent and severe
(Leiguarda, 2001)A review by Lewis (2006alsoconfirmed that a majority of these regions are

part of the cortical network activated during imagined objset Therefore, errors in the
perceptiorof object manipulation can occur after damage external to left IPL, suggesting that the
ventradorsal stream can be indirectly disturbed by disrupting communication at diffenest

of the pathway. These findings support previous research confirminigsiens implicating the

left IPL can give rise to apraxia and result in impaired perception of algectmanipulation
(Buxbaum et al., 2005; Daprati & Sirigu, 2006; Buxbaum et al., 2007; Goldenberg&tidashi

et al., 201). Despite this, the propabkthat the left IPL is the critical juncture where perception

and action are integrated cannot be confirmed or refuted and therefore warrants further

investigation.

In order to dissociate apraxia from a more general deficit in the understanding of chkjbet

XVH LW ZDV QHFHVVDU\ WR H]I[S @Q&idhldsspdawd Wit} vbjgdseSrH U FH SV
the absence of the actor. In other wortigpraxicpatients are unimpairad their perception of

how the functional parts @&ach objecinteract (e.g. how the flame of a match is used to light a
candle) and thee patientsinderstand the functional goal of the object by appropriately matching
objects of a similar function (e.g. a match and a lighter both make a flame), it can be asserted that
apradc impairmens lie in the integration of perception and acti@y. exploring performance

when making functional semantic decisions of obfgect interactions, the current study
confirms more definitivelfthan previous researthat apraxic impairmentsaanot be attributed

to a more general deficit in the understanding of skilled olgjsetexistant outside of the

integration of perception and action.
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The presence of visually afforded distractor stimuli cordithat accurate performance in the
Functioral Semantic condition was attributed to maintained understanding of -obgcthe
FRUUHFW GHFLVLRQ ZDsVRQRWLPDQBVWELREUREFHVKRRVLQJ W
most plausible based on the physical properties of the objects. As apraaitspeasin infer use

of objects based on their physical attributes and show marked improvement when actually using
objects, particularly in the appropriate context (Goldenberg & Hagmann, 1998; Frey, 2007,
Randernath et al., 2011; Vingerhoets, 2014), it wasortant that task performance could not be
attributed to reliance on physical properties that afford objsetas opposed to maintained
understanding.

Similarly, when generating stimuli for the Object Manipulation condition, it was critical to ensure

the distractor hand gestures did not look appropriate for use whilst not being unafforded to the
object itself. If either instances occurred, differences in participant accuracy would reflect
inappropriate stimuli; the distractor gesture would look equédlygible as the correct gesture or
grossly unafforded for objectse, allowing the correct answer to be reached by spatial rather than
motoric processes. Taking this into account, consensus between independent assessors during
piloting and accurate perfoance by healthy participants confirms that the stimuli could be
distinguished as correct and incorrect. Likewise, the particularly poor performance by apraxic
patients in this condition indicates that the task could not be solved by relying on visual

affordances.

Overall, the findings of the present study strongly support the proposal that apraxia reflects
deficient access and implementation of motor representations associated with skilleds#bject
Maintained performance when making perceptual dedsimgarding noimotoric action
representations of objects (i.e. objebject interactions) and marked deficits during motoric,
object manipulation, decisions suggests that impairments occur when perception and action
information must be integrated. Coupleith decreasing performance accuracy with increasing
severity of apraxiait is probable that an additionaéntrodorsal substreamexistswithin the

visual pathways model that is critical in this integrative pssc However, although lesions
appear tonvolve the left IPL either directly or indirectlyhe role of this region in the intedion

of perception and action neealdditionalexploration
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Chapter 3

Study 2: Isolated disruption of object manipulation perception using
left parietal tDCS

3.1.0verview

The results from Studyihdicatethat apraxia selectively disturbs object manipulation perception
whilst functional semantic perception is unaffecidtese selective deficits support the existence
of apurported ventralorsal stream within theisual pathways modéhatcombinesknown and
visible properties of objects necessarydppropriateskilled object manipulation. Examining the
lesions of these patients, half had damage directly implicating the left IPL whilst half had lesions
that may ndirectly impact processing in this regidduring the same perceptual matching task
used in the previous stualith apraxic patientghe currenempiricalstudydirectly explored the

role of the left IPL inrepresenting thenanipulation features of objease using the relatively
novel neuromodulation technique transcranial direct current stimulation (tIXeSylts from
Study 2 indicate a causal relationship between the left IPL #ewhatt movement representations
supportingts roleas thecritical juncturewhereknown and visible object propertiage integrated
(Rizzolatti & Matteli, 2003; Binkofski & Buxbaum, 2013; Vingerhoets, 2014).

3.2. Introduction

Consistent activation of the left IPL during motor imagery suggests its essential role in the
perception of movement (Rizzolatti & Craighero, 2004; BuxbaunK&énine 2010). Such
imagery is necessary wheetrieving postural requirements or making prospective judgements
aboutskilled object manipulatiorfBuccino et al., 2001; Solodkin et al., 2004hnsorFrey et

al., 2005; Buxbaunet al.,2006; CreenrRegehr2009; Gao et al2011).

Neuroimaging studies exploring the neural correlates of object knowledge indicates that the left
IPL is consistently activated durimgotoric elements of objectse (Rimiati et al., 2004; Lewis,

2006; Frey, 2007; Vingerhoets et al., 20@aminingthe role of the left IPL in the pegption

of objectrelated actionneuroimaging data dissociagimepresentationsf object functionand
manipulation confirms the regioaselectively activated ithe latter condition (Kellenbadadt al.,

2003; Buxbaum et al., 2006; Canessa et al., 2008). For example, fiMdRhgBoronat and

colleagues (2005) confirmed that when participants judged whether word or {pattgeof
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objects hd the same function (for example a matatk and a lighter) or manipulation (a piano

and a computer keyboard), greater left IPL activation was found bordering the intraparietal sulcus
for manipulationrelevant judgements. Functional decisions on the dthed have shown more
temporal activatiorfKellenbach et al.2003; Buxbaum et al., 2006; Canessa et al., 2008; Chen,
Garcea, & Mahon, 2015). Support for the central role of the left IPL in the simulation of motor
aspects of objeatse also stems from it®nsistent activation when participants are required to
observe, imagine, or pantomime objase (Chao & Martin, 2000; Mozaz, Rothi, Anderson,
Crucian, & Heilman, 2002; Rumiati et al., 2004; Frey, 2007; Vingerhoets, 2008; Kréliczak &
Frey, 2009; Vingerhds, Acke, Vandemaele, & Achten, 2009; Caspetral.,2010) indicating

that the left IPL is central to the simulation of motor aspects of ebgect

As described in Chapter Zia to the dissociations found in neuroimaging data when assessing
object function and object manipulatiprapraxia appears to kessociatedwith deficits in
manipulatiorjudgementdut not functiorjudgementgBuxbaum & Saffran, 200Rumiati et al.,

2004; Vingerhoets et al., 2008yung et al., 2010 Results from Study dffer substantial support

for the proposal that apraxia is attributed to impaired internal movement representations due to
damage to the ventmorsal streamerrorsin objectuse perceptiomere present when apraxic
patients made manipulation judgements whilserformance wasppropriate when making
functional semantic judgementdowever, lesions of the apraxic patients in Study 1 did not
always encompass the left IPL, but involved other regions along the frontoparietal network
including the cerebellum, thalartva EURFDYYV DUHD DQG XQiebelUadsesiQd ZKLW
possible thatommunication is being disrupted at different paftthe ventredorsal streanby
damaging corticocortical and corticosubcortical connectidmswvever this is nofcertain
(Leiguarda, 2001; Lewis 2006)

Using a modified version of the perceptual matching task used in Sttidy deural correlates

of objectuse perception &re explored directly by applyingDICS to the left IPL of healthy
participantsTDCSis a relatively nogl neuromodulation techniqulatinvolves the application

of a weak electrical current onto the scalp through a pair of electrodes (the positive anode and the
negative cathode electrode) to modulate cortical function by inducing prolonged, reverdible, shi
in cortical excitability. Unlike TMS, tDCS does not induce neuronal action potentials but modifies
spontaneous meonal excitability by depolarising or hyperpolang the resting membrane
potential (Nitsche et al., 2008). Classic assumptions regattmgolarity effects of tDCS
indicates that cathodal stimulation inhibits neuronal excitability whereas anodal stimulation
enhances neuronal excitability. For clarity, these classic modulatory effects will be defined when
UHIHUULQJ WR H hbdét IH@KILFEA WRRGN T HFRIGW |[FBGERIar® Qetailed

description of tDCS, see the methodology section of the general introduction in Chapter 1)
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However, the polarity effects of the cathode and anode are grossly dependent on the stimulation
protacol being used; stimulation effects can vary depending on electrode size, intensity and
duration of stimulationAlthough cathodalnhibitory stimulation consistently modulates the
motor cortex, it has been proposed that anesaitatory stimulation ovethe target site is more

likely to modulate performance during cognitive taskggttie & Paulus, 2011; Jacobson et al.,
2012). These findings emphasise the need to explore different stimulation protocol to obtain

modulatory effects of tDCS.

Over two expdments with different participants, either catheuhdlibitory tDCS was applied
over the left parietal cortex (approximately over the IPL) with anegaitatory stimulation over

the contralateral supraorbital ridge (Experiment 1) or arexicitatory lef parietal and cathodal
inhibitory contralateral supraorbital ridge stimulation (Experiment 2) was applied. It was
hypothesised that if the left IPL of the venttorsal stream were critical in the integration of
perception and action important for theietal of postural requirements for objecte, cathodal
inhibitory stimulation of the left parietal cortex would reduce task performetesn making
manipulation judgementshereas anodadxcitaory stimulation would enhance performance in
this task Stimulation of the left parietal cortex however would not affect task performance when
making functional semantic decisiois.combination with the results from Study 1, these results
would confirm more confidently whether apraxia is attributed to impairettrardorsal

processingand whether these representations are reliant on the integrity of the left IPL.

3.3. Method
3.3.1. Design

Two experiments were completed with different stimulation protocol. For each experiment, a
within-subject repeatetheasures esign was used with three independent variables: Task
(functional semantic/manipulation) and Stimulation (left parietal tDCS/sham) and Stimulation
Block (1/2). The dependent variables measured were response reaction times (RT) and response

accuracy (%).

3.3.2. Participants

An opportunity sample of healthy participants was recruited; all participants were right handed
(in accordance with the revised Edinburgh Handedness Inventory, Oldfield 1971; Cohen, 2008),
received a health screening questionnaire base®ossi, Hallett, Rossini, & Pasctiaone

(2011) to confirm their eligibility for tDCS stimulation, and gave informed consent. Monetary
compensation or course points were offered for their time. For the cathbdadory study

protocol (Experiment 124 participantsNlage22 £+ 7, 19 female, laterality quotient 82.50) were
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recruited. For the anodakcitatory study protocol (Experiment 2) a further 23 participaviige (

23 £ 10, 12 female, laterality quotient 78.12) were recruited.

3.3.3.Transcraniatirect current stimulatiotDCS)

A constant direct current was applied during both tasks using a battery driven stimulator
(neuroConn, Germany). Two rubber electrodes were inserted into separate sponge pouches that
were soaked in saline solution. A lyctap was placed on the participants head to keep the
electrodes in place and a 1.5mA current was applied through & 2&ehode over the target

site and 106n¥ electrode over the reference site. Stimulation was ramped up for 10 seconds and
remained onlie throughout the experimental tasks in accordance with current safety limits for
healthy volunteersNitsche et al., 2003gxperimenbne, average stimulation duration 11 minutes

+ 2 andexperimentwo an average of 11 minutes + 1, at a maximum curiemgity of 0.06mA

(1.5 mA/25 cri). During the sham condition, stimulation was applied for 30 seconds before being

switched off.

Based on the international 10/20 system for electrode placement, the target electrode was placed
over the left parietal cortexapproximately over the left IPL; the centre of the electrode was
positioned between P3 and CP3 (Harris and Minuissi, 2003) and the reference electrode was
placed over the contralaté supraorbital ridge. In experimendne, cathodainhibitory
stimulationwas applied to the left parietal cortex (target) with anedaltatory stimulation using

WKH ODUJH pGLIITXVHY HOHFWUR GaApddiigeiivo HaGodakRcitaldtyH U H I H
stimulation was applied to the left parietal cortex and cathiotiéditory stimulation to the
reference site. Both experiments consisted of two testing sessions where either real or sham

stimulation was applied.

3.3.4.Stimuli

Participants completed the functional semantic and object manipulation tasks used in Study 1,
however these were altered to suit computer presentation and extended to include maestrials (
Figure 31). The experiment was run on a-&h computer monitor (1280 x 1024 pixels) and
programmed using4Prime. The centre of the screen was at eye laval viewing distance of

63cm, which was maintained using a chin rest. Stimulus reliability was evaluated by two
independent assessors and based on pilot data from six participants (average accuracy of 94% +

10). Stimuli were changed if the average accyfall below 75%.

Functional Semantic tasiComprised of drawn pictures of objects taken from the stimulus set by

Cycowicz et al. (1997) or modified from an internet search engine. Following a central fixation

cross, participants saw one drawn image &f gu R ERVEHMFRNFW LQWHUDFWLR QYT D Q(
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identify whether the target object was being used correctly with the paired object. Interactions

were presented equally in orientations for-leftrighthanded use.

Manipulation task.Stimuli consistedof target objects taken from the Bank of Standardized
Stimuli (BOSS) (Brodeur, DionaBostie, Montreuil, & Lepahe, 2010) or modified images from

an internet search engine. After the central fixation cross, the target object was displayed for
500ms beforebeing replaced by a correct or incorrect hand posture. Participants identified
whether the hand posture displayed was appropriate to use the object presented previously. The
target object was presented in a +fionctional orientation whereas the hand postuas oriented
appropriately for objeetise. This prevented participants simply matching the images. Participants
saw both left and right hand postures for each target object.

3.3.5.Procedure

An initial practice block was completed prior to stimulatienabling participants to reach
optimum performance. For respective Functional Semantic and Manipulation tasks, this consisted
of 33 and 38 trials. After practice, five minutes of stimulation was applied prior to task onset to
ensure stimulation effectsene being experienced. Participants then repeated each task whilst
stimulation was on going. During stimulation, 66 trials of the Functional Semantic task and 89
trials of the Manipulation task were presented. Each task was split into two main test blocks
consisting of 33 trials per block for the Functional Semantic task and 45 and 44 trials in Block 1
and 2 for the Manipulation task. Over two testing sessions, 132 and 178 trials were completed for
each task respectively.

Across each task, participants werequired to respond as quickly and accurately as possible
when deciding whether the functional relationship between the objects or hand postures presented
were correct or incorrect for use. Responses were given on a keypad: participants responded
HFRWYHE\ SUHVVLQJ QXPEHU p 1 ZLWK WKHLU OHIW LQGH] |
H YT ZLWK WKHLU ULJKW LQGH[ ILQJHU 6WLPXODWLRQ ZDV V
To avoid response priming for subsequent images, participantot&ke both the correct and
incorrect image for each target object in one session. In addition to counterbalancing the
presentation of correct or incorrect images, task order and stimulation protocol were

counterbalanced across participants.
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Figure 31. Experimental procedure andmuli presentation for Study 2.

(A) Schematic of the experimental procedure. Note the diagonal striped box depicts the period of
tDCS stimulation. (B) Schematic of the stimulus presentation for the Functional Semantic task
(top) and the Manipulation task (bottom). The correct stimulus is presented on the left and the

incorrect affordance stimulus on the right.

3.3.6. Data Analysis

Reaction times (RT) in millisecondsr correct trialsand response accuracy (%) were analysed
separately in threway repeateaneasures analyses of variance (ANOVA) for each experiment.
Specifically, performance was compared between each Task (Functional Semantic and
Manipulation), and Stimulation condition (real stimulation and sham). Unlike cooréentional
paradigms, where the effects of tDCS are explored after stimulation, the current study explored
performance changes during stimulati®his was done to ensure the effects of stimulation were
evident, as little is known about the durationftdéiaeffects of tDCS over these densely connected
parietal lobesThe effect of tDCS over time was analysed by measuring performance differences
across stimulation Blocks (1 and 2), as it was uncertain whether stimulation effects were stable
due to so fewparietal tDCS perception studies being conducted with continuous stimulation.
Further, tDCS effects are state dependent and can change when the brain regions being stimulated
are active (Silvanto, Muggleton, & Walsh, 2008; Walsh, 2013). Significant seewrsthose

below the alpha level .05. All participants were included in the final analyses, with average
performance 85% 7 in Experiment 1, and 85% 6 in Experiment 2. RTs greater than three

standard deviations from the mean were excluded.
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3.4. Results

Study 2 aimed to extend findings foStudy 1 with apraxic patientsy confirming whether
neuromodulation of the leffPL would selectively affect object manipulation perception, as
observed in patients with apraxia. This would not only confmmimportanceof the left IPL
during the percejmin of motor elements of objease, but alsindicate that dysfunction dhis

region can impairthe perception of these motoric elemerthreeway repeategneasures
analyses of variance (ANOVA) examined the effectsf Task (Functional
Semantic/Manipulation) x Stimulatiofteft IPL cathodenhibitory & right suprarbital ridge
anodeexcitatory/fram) x Stimulation Block (1/2) on response RTs (ms) and response accuracy
(%) during stimulation.

3.4.1.Cathodaldinhibitory stimulation of the left IPL.

Reaction Time (ms)he initial threeway ANOVA confirmed a significant interaction Task x
Stimulation x Block Fu23 = 4.906,p =.037, > = .176). A nossignificant main effect of
Stimulation E¢.23= .531,p=.473, ,*=.023) and interactions Task x Stimulati&i 3= 1.139,

p =.297, ;2= .047) and Stimulation x Block (Stimulation x BloEl 23 = .941,p =.342, =

.039) were found. Remaining analyses showed a significant main effect ofFfiasj(10.868,
p=.003, ,?=.321); RTs were faster in the Functional Semantic task (M= 1033.060 + 245.130)
compared to the Manipulation task (M= 1157.915 + 358.982). Asigmificant main effect of
Block (F1.23=2.600,p=.121, ,>=.102) and significant interdaoh Task x Block E,23= 5.598,
p=.027, ,>=.196) were also found. The latter interaction was not explored, as it was not directly
relevant to the hypotheses. As the hypotheses concerned the effect of stimulation on performance,
post hoc analyses tiie threeway interaction were explored using twm@y ANOVASs for Task

X Stimulation and Stimulation x Block.

As the effect of stimulation appears to present itself differently in the two blocks, this was further
explored through separate tw@y ANOVAs. Two-way ANOVAs Task x Stimulation for each
Block separately revealed a significant interaction of Task x Stimulation for Block 1 (Task x
Stimulation:F 23 = 4.692,p=.041, ,?=.169) but not for Block 2 (Task x Stimulatidfy 23 =
1.378,p =.253, 2 = .057), suggesting that the effect of stimulation is found in the first block.
That the stimulation effects were present in the experimental Manipulation task was rbyealed
two-way ANOVAs Stimulation x Block for each of the tasks separately showing a significant
Stimulation x Block interaction for the Manipulation tafk ¢s)= 5.481,p=.028, ,2=.192), but
not for the Functional Semantic tagki(xs) = 1.835,p =.189, ,? = .074). The means show that
participants were slower on the Manipulation task when stimulation was applied (M=1217.340 +
419.111) compared to sham (M=1114.442 + 302.334). The graph on the fjuoé 2.2
demonstratesthese task specific effectsf inhibitory stimulation on Manipulation task
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performance in Block 1. Pehbc pairedsamples tests were used to explore the differences
between cathodahhibitory stimulation (black bars in Figure 2.2) and sham (white bars in Figure

2.2) for each oftte blocks and task conditions. The difference between stimulation and sham in
Block 1 of theManipulation condition was expressed in a trend in the-lpostanalysist(s) =

1.869,p =.074), while all other all other pehbc comparisons were firmly neagnificant
(Functional Semantic stintationvs. sham:p e W DSSHDUV WKDW VWLPXOD

performance during the first test block of the Manipulation task only.

Accuracy (%) Stimulation was not found to have an effect on task accuraicyul@tion, F 23
=.071,p=.792, ,*=.003; Task x StimulatiorF 23 = .447,p =.510, ,>=.019; Stimulation x

Block, Fq 23= .035,p =.853, ,°=.002; Task x Stimulation x BlocK1 23 = 035,p =.853, ,°=

.002. A main effect of Task(1 ) = 76.489p <.001, ,*=.769) confirmed that participants were

more accurate when making Functional Semantic decisions (M=90% z 5) compared to

Manipulation decisions (M=81% = 7). Accuracy was higher in Block 1 (M= 87% * 6) compared

to Block 2 (M= 84% =7) confirmed by a significant main effect of Blodk(»3) = 22.900,p

<.001, *=.499). A significant interaction Task x BlocK{ 23 = 12.441,p =.002, ,* = .351)

was found but not explored.

3.4.2.Anodalexcitatory stimulation of the left IPL

Reaction Time (ms)Opposed to Experiment 1, the thmeay ANOVA exploring the effect of
anodalexcitatory left IPL stimulation compared to sham on task performance did not find a
significant interaction Task x Stimulation x Block{(22) = 2.347,p =.140, ,* = .096). NoR
significant results were also found for Stimulati®ip 2 = .812,p =.377, ;> = .036), Task x
Stimulation F22)=.029,p =.867, ,*=.001), and Stimulation x Block (. 22)= .003,p =.958,
p><.001). The main effects of Tadk{22)=1.809p=.192, ,*=.076) and BlockR 22 = 2.155,
p =.156, ;> = .089) were also nesignificant. The interaction Task x Block however was
significant Fu22= 10.675p =.004, ,*=.327), but was not pursued as it was not directly retevan
to the hypotheses. These data suggest that RTs were not in any way affected bg»aatiaty

stimulation.

Accuracy (%)Results reveal nesignificant effects of stimulation on task accuracy: Stimulation,
Fa22=.052p=.821, ,>=.002; Task Stimulation F 22)=.021,p=.886, ,*=.001; Stimulation

x Block, F.22)= .253,p=.620, ,?=.011; Task x Stimulation x BIoCE 2= .485,p =.494, 2

= .022. A significant main effect of Task{22 = 57.400,p <.001, ,? = .723) confirmedhat
accuracy was greater in the Functional Semantic task (M= 90% + 5) compared to the
Manipulation task (M= 80% #* 9). Main effect of Block({22) = 57.629,p <.001, > = .724)
indicated that accuracy was greater in Block 1 (M= 89% * 7) compareddk BIM= 83% =+
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8). Finally a significant Task x Block interactioR{22 = 6.680,p =.017, ,* = .233) was found

but not explored.
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Figure 32. Reaction times for Experiment 1 and 2 in Study 2.
Average reaction times (ms) of participants in Experninl (left) and Experiment 2 (right) during stimulation or sham for both testing blocks of the Functional

Semantic and Manipulation tasks. Standard error bars included. The asterisk markstibe poatysis treng=.07 further to the significant intestions.



3.5. Discussion

By using the neuromodulation technique tDCS, Studiréttly assessed the neural correlates of
object manipulation perceptiaturing thesame perceptual task used in Studirdy modulatory

effects of tDCS over the left IPduring perceptual functional semantic and manipulation
decisions regarding the use of familiar objects would confirm whether this region is necessary in
the perception of motoric action representations (manipulation),-mataric action
representations hctional semantic), or botBased on the results from Study 1 confirming a
selective disturbance in object manipulation perception in apiaxiisolated effect of tDCS on
manipulation decisions would support the assertion that the left IPL is tlwalgiticture where
perceptual and action process are integrated via the wémtsal sukstream of the visual
pathways modelFurther, the use of parietal cathodf#hibitory and anoda¢xcitatory tDCS
across Experiment 1 and 2 would confirm whether aRexeitatory stimulation is more likely

to modulate performance during cognitive tasks (Jacobson et al., 2012) and whether tDCS is a
viable rehabilitation technique for objaate errors in apraxia.

Examining the results from Study 2, the thvesy interation indicates thgterception of objeet

use manipulatiordoes seem to be modulated by left parietal cathioti#bitory stimulation
(Experiment 1). Specifically, response timespefceptual decisionsn the manipulation task
were slower during the firggst block compared to sham. No modulatory effects were seen during
anodadexcitatory parietal stimulation (Experiment 2). Critically, neither cathodabitory nor
anodalexcitatory parietal stimulation impacted reaction times when making functiaonahsie

decisions. Response accuracy was unaffected by stimulation in either task.

Theeffectof left parietal cathodahhibitory stimulation on manipulation decisions is consistent
with a wealth of neuroimaging data demonstrating increased left IPlLitactiuring the
perception of objeetelated action (Kellenbach et al., 2003; Boronat et al., 2005; Buxbaum et al.,
2006; Canessa et al., 2008), and observation or pantomime of-obgeChao & Martin, 2000;
Mozaz et al., 2002; Rumiati et al., 2004; Fr2907; Vingerhoets, 2008; Krdliczak & Frey, 2009;
Vingerhoets et al., 2009; Caspers et al., 20dA)ike the correlational link between left IPL and
manipulation perception provided by neuroimaging, the effects of tDCS support a causal

relationship betwen left IPL integrity and object manipulation perception

These modulatory effectégeconsistent wittstudy 1 confirming a selective impairmentbipject
manipulation judgements apraxia, with approximately half of the apraxic patients having
lesionsimplicating the left IPLA direct relationship between left IPL integrity and manipulation

perceptiorhas also been observed in other researatients suffering from apraxia often show
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deficits in objectrelated movements that are attributed to left IBlamage (Goldenberg &
Hagmann, 1998; Johnsdéirey, 2004; Buxbaum et al., 2005; Buxbaum et al., 2007; Ishibashi et
al., 2011; Sunderland et al., 2011; Myung et al., 2010; Lee et al., 2014). In combination, these
findings indicate that the left IPL has anedgral role in motoric action representations necessary
for appropriate objeatise.Therefore, although deficient gesture comprehension for transitive
movement has been associated wilisturbed inferior frontal regions for exampleand
appropriate objeatise pantonme observed in patients with aniithout parietal lesions
(Goldenberg et al., 2007; Pazzaglia et al., 2@ahlhalter et al., 20)1the results from Study 1

and 2maintainsthat the left IPL plays aessentiafole.

Conversely, performanceudng the functional semantic task was unaffected when comparing
sham to either left parietal cathodahibitory or anodakxcitatorystimulation over the left IPL

In accordance with Study 1 with apraxic patiethgse results not only suggest that-nwtoric
functional semantic action representations do not rely on the integrity of the left parietal cortex,
but also that it is distinct from manipulation perceptiés. described in the previous study,
research exploring dissociations in function and imaation perception have overlooked the
distinction between nemotoric action of how an object typically interacts with another object,
andmotoric action regardingow the actor handles the objéat use It remained possible that
the left IPL was crital for the perception of objectlated action whether it was motoric or hon
motoric in nature. Subsequentthe selective effect of tDCS on manipulation perception with
maintained functional semantic perception regarding objgetonfirms that the I IPL is not
required to perceive nemotoric action representatioriastead, consistent with rsentations

of object function andunctional semantic perceptiomay be more closely associated with
semantic processing in the ventral stregetying ontemporal regionsSirigu et al., 1991; Bozeat

et al., 200QBoronat et al., 2005; Buxbaum et al., 20B&gri et al., 2007Canessa et al008;
Ishibashi et al., 201 Xhen et al 2015.

Taken together, the distinct effect of tDCS on manipulationgpgien with maintained functional
semantic perception regarding objese adds weight to the proposal that motoric action
representations are generated in the vemtrgsal sukstream. Through integration of known
(ventral) and visible (dorsal) propertiesobjects, the ventrdorsal stream enables objects to be
grasped for use during motor execution, and the retrieval of postural requirements related to
objectuse using motor imagery (Rizzolatti & Matelli, 2003; JohrBoay et al., 2005; Buxbaum

et al., 2006; CreenrRegehr, 2009; Binkofski & Buxbaum, 2013; Vingerhoets, 2014). This
supposedly left lateralised stream is believed to extend from occipital cortex to the left IPL, to the
ventral premotor cortex and frontal eye fields (Frey 2007; Rizzolatli,e2@L1). The current

study suggests that disruption of the vemtoossal stream using left parietal tDCS impacts
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prospective judgements about how objects should be grasped for use. However to support this
argument more confidently, further investigatisrrequired to achieve robust tDCS effects on

motor imagery processes including manipulation perception.

Notably, tDCS had a somewhat marginal impact on manipulation decisions, where its effects
were only seen during earlier trials (Block 1), but notrduthe later half of the task (Block 2).

The discontinuous nature of the effect is somewhat difficult to interpret. Nevertheless, it was
important to split the tasks in two blocks because, with so few parietal tDCS perception studies
and none using contilwus stimulation, it was uncertain whether the stimulation effect would be
stable. As tDCS modulates cortical excitability rather than directly disrupting the neurons by
causing an action potential (as with TMS), the effects of stimulation may changan{8ilv
Muggleton, & Walsh, 2008; Walsh, 2013) or be compensated for over time. Likewise, different
cognitive processes may start to be recruited to compensate for the disruption of motor imagery,
for example by relying on visual opposed to motor strategjles current findings would support

the idea that less efficient alternative strategies kick in with time as the accuracy scores in the
second block were found to be consistently reduced in all tasks and in both stimulation protocols
(in fact this is the oly effect found on accuracy in this study). This would account for a mild, and

over time weakening, effeof tDCS on cognitive function.

A study by Weiss and colleagues (20&B)phasises how modulation effects can change with
minor alterations in eleaide locationAnodalexcitatory tDCS applied tthe left IPLimproved

motor planning when imitating meaningless hand gestitteaever tDCS was only effective
when the position of the targetectrodeimplicatedboth adjacentregions of the left IPLthe
supramargial and angular gyri (area PFnPerformance was not modulated when either gyri
was stimulated in isolation This was achieved usingneuronavigation to target
cytoarchitectonicallylefined areas of the IPGiven individual variance in head siaed location

of specific cortical regions, the marginal tDCS effects in the current study may therefore also be
accounted for byhe target electrode not targetingth supramarginal and angular gyri across all

participants.

Nevertheless, the lack of tDE&Hects in later trials calls into question its clinical efficacy for the
neuraehabilitation of apraxic symptoms. In recent years dicectent stimulation has received
considerable attention as a potential therapeutic technique for different cloridéians In this
instance, any tDCS effects achieved during the perception of algedn healthy populations
would support its potential to improve objerge errors observed in apraxia. Although tDCS did
modulate performance, the diminishing effectger time casts doubt over iggeneralised

suitability as a rehabilitation techniquénstead, the current data emphasises the need to
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investigate whether aftaffects can be achieved when using parietal stimulation to improve
performance during tasks hélg reliant on cognitive processasich as motor imagery training

in neurorehabilitation (letswaart et al., 2011)

FurthermoretDCS inhibiting the parietal cortex reduced performanaeno effects of excitatory
stimulation enhanced performance, despécent reviews suggesting that achieving excitatory
effects of stimulation during cognitive tasks are more likelftgdtie & Paulus, 2011; Jacobson

et al, 2012. A failure to improve task performance is also not encouraging when extending the
applicationof tDCS from research to clinical use. Direcirrent stimulation has however been
shown to improve action planning for execution when aregaitatorystimulation is applied to

the left parietal cortex. In addition to the study described above (Weiks 2013), a study by
Convento and colleagues (Convento, Bolognini, Fusaro, Lollo, & Vallar, 2014) confirmed that
anodal left posterior parietal stimulation (with a cathode reference over the contralateral
supraorbital ridge) improved speed of actiompiag when participant®vere cued to perform
certain actions. Methodologically, tDCS was applied at an intensity of two milljamhich may

have increased the effect of anodal tDCS. Referring again to Weiss and colleagues (2013) the
direction of currenflow through the left IPL and reference site area Cz (based on t28 10
system for electrode placement) may also enhance the modulatory effects of tDCS. Despite
successful modulation of movement planning, these stimjgy that successful enhancement

of performance using anodakcitatory parietal tDCS over the left IPL may rely on planning for

execution as opposed to a purely perceptual task.

Overall despite the lack of enhancing effects of tDCS in the current study, taken together these
findings sugest that tDCS can modulate performance during the perceptual stages of action,

including object manipulation decisions and movement planning for execution. Such data

encourages the exploration of different electrode montages and stimulation intenartiegfant

to achieve londasting and excitatory modulation effects of tDCS on performance.

In conclusion, the current resultenfirm a direct causal relationship betwethie left parietal
lobe, in particular the left IPLand theperception of object amipulation but not functional
semantic knowledge regarding the use of familiar objé&xsnbined the selective behavioural
impairments of apraxic patients in Study 1 dhe effectsof tDCS onhealthy populations in
Study 2 suggest that the venttorsalstream can be compromised directly through disruption of
the left IPL, or indirectly by disturbing communiaati to regions along the pathwéyough
white matter damage for exampMhilst inferior parietal regions remain intact. Therefore it is

likely that theleft IPL has an integral role in motoric action representations sagesor
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appropriate objeetise and that disturbance to this region impairs the motoric elements of object

use.
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Chapter 4

Study 3: Impaired integration of object visual affordances and stored

knowledgein grasping: Evidence fromapraxia.

4.1. Overview

By assessing the integrity abject manipulation anflnctional semantic representatioius

familiar objects a selective deficit during the former condition in Study 1 anddiate that

internal movement representations attributed to the veloireal stream may be disrupted in
apraxialf stored representations from the ventral stream are less readily available to incorporate
into action planglue to ventralorsal disruptionapraxia may also impair the ability to learn

skilful manipulation of novel objects resulting in an eveliane RQ REMHFWVY YLVXDO
during objectdirected motor behaviourStudy 3 examined grasping performance of left
hemisphere sbke patientswvith and without apraxia and ageatched healthy control participants

when grasping cylindrical objects of differing weight distributionlike control participants, a
majority of apraxic patients failed to adapt their grasp when the objeativeagnly wighted
suggesting thatstored representations afbjectweight associationsvere not effectively
incorporated into the action pla@onsistentlycentral grasgpoints alongeven and unevenly
weightedcylindrical objectsuggestghatthese patients relied dhe intact dorsal pathwayo

inform grasp behaviouil his éonormal grasping behaviour when known and visible information
must be integrated corroborates the proposal that internal movement representations generated in
the ventredorsal stream are distuidbén these patient®isruption to this stream predictisat

apraxic patients wilhot only have difficuty using familiar objects, but also whégarning to

skilfully manipulate novel objects on the basis of information other thardde&l visual cues

swch as shape and size.

4.2. Introduction

In addition to impaired gesture imitation, apraxia is recognised by performance errors when
demonstrating how objects are used (Goldenberg, 1995; Buxbaum, 2001). Although these errors
are most apparent when pantaorinig the use of objects with marked improvement during actual
objectuse, both pantomime and actual use can be affected (De Renzi & Lucchelli, 1988;
Buxbaum & Saffran, 2002; Sunderland & Shinner, 2007; Goldenberg, 2009). Skilful
manipulation of objects redyes the integration of stored information about its typical use and
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action processes enabling the object to be grasped appropriately based on its visual affordances
and spatial locatioms described in the general introduction, it is proposed thainttegrative

process is disturbed in apraxidowever it is not clear whether these deficits affect apraxic
SDWLHQWVY DELOLW\ oehbfe¢tsDUQ WR PDQLSXODWH Q

Close examination of object knowledge in apraxic patients confirms that performance errors
cannot be attributed to impaired ventral or dorsal streams of the visual pathways apadet
patients can identify visually presented objects (Daprati & Sirigu, 2006), use structural properties
to appropriately reach and grasp familiar objects, and ihéeuse of novel objects based on their
affordances (Sirigu et al., 1995; Goldenberg & Hagmann, 1998; Frey, 2007).

Recent eidence however suggests that a vewlmosal substream of the traditional dorsal
pathway is necessary when processing senstwiminformation based on lorgrm action
representations of how objects are functionally used. Thisstsehm may be implicated in
apraxia. Through mutual connection with the ventral stream via the left IPL, perceptual
information is incorporated into &on plans (Rizzolatti & Matelli, 2003; Buxbaum & Kalénine,
2010; Rizzolattiet al.,2011; Binkofski & Buxbaum, 2013; Vingerhoets, 2014) enabling objects
to be grasped for use by applying stomeghresentation®f how objects are functionally
manipulateda the physical properties of the objects presented (Frey, 2007; Almeida, Fintzi, &
Mahon, 2013; Garcea & Mahon, 2014).

If this substream is disturbed in apraxighet subsequent failure to effectively access and
implement information from the ventral eam into the action plamyould resultin an over

reliance on the intact dorsal stream. Consequently, objects are manipulated based on what is
visually afforded irrespective of the goal of the action (Randeztithl., 2011). This theory

however has beenrgued to place too much importance on different components of object
knowledge; as argued by Goldenberg and colleagues (Goldenbergla§mann, 1998;
Goldenberg, 20D3retrieval of knowledge of an objects prototypical use depends on previous
experience, whit cannot account for apraxic errors during novel ohjeet However, this

assumes that skilled objeVH UHOLHV RQ WKH UHWULHYDO RI LQIRUP
than the convergence of shaahd longterm visual representations depending orgibed of the

motor act.

The proposal for impaired ventdmrsal processing in apraxia not only stems from the established
relationship between apraxic symptoms and damage to regions implicated in thedoesaio
stream, in particular inferiorgpietalregions (Haaland et aRp00; Buxbaum, 2001; Buxbaush
al.,2006; Buxbaunet al.,2007; Frey, 2007; Goldenberg, 2009; Garcea & Mahon, 2014), but also
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in performance errors during tasks assessing familiar ebgecAs observed in Study apraxic

patierts displayed a selective deficit in object manipulation percept@mapter 2)whilst
functional semantic perception was presepvamresponding to previous research associating
apraxia with impaired perception of tiheotoric elements of objectse (Buxbam & Saffran,

2002; Rumiati et al., 2004; Vingerhoets et al., 2008; Myung et al., 2BbBusing on action
execution tasks, apraxics with left IPL damage responded abnormally when recognising and
producing hand postures attributed to the use of famibiggcts, but performed appropriately
when grasping objects on the basis of their physical properties (Buxiain2003). Assessing

grip force, apraxic patients display poor anticipatory force control for familiar objects, but can
successfully order fardmr objects in weight order prior to grasping, confirming knowledge of
object weight is intact (Dawsaet al.,2010; Liet al, 2011). Over repeated lifts of these objects,
apraxic patients do show appropriate fingertip force indicating that recentisestsoifeedback

can be used to guide force production over time (Gordon, Westling, Cole, & Johansson, 1993;
Hermsdorfer, Li, Randerath, Goldenberg, & Eidenmuller, 2011; Randerath et al., 2011;
Eidenmuller, Randerath, Goldenberg, Li, & Hermsddrfer, 201#ps& results confirm that
different mechanisms of the visual pathways model are important depending on the goal of the
motor act and that the dorsal pathway is intact in these patients.

However, when making memedriven reach and grasp movements, suggeto also rely on

the integration of stored ventral representations and dorsal action processes, apraxic patients have
shown equivalent pasfmance to controls (letswaart et 2D01; Dawson, et al., 2011). Although

these findings suggest that apraxetipnts can successfully utilise stored representations, it
remains possible that the visawtor transformation involved in simple reach and grasp
movements may not be difficult enough to place sufficient demand orldvighperceptual

processes.

Despit the research outlinegduggesting thaapraxic patients have difficulties accessing and
incorporating storecepresentationsf actions related to skilled use of familiar objects, it remains
unclear how these patients learn to manipulate new objectse @w studies have assessasd th
issue, Barde and colleaguesined patients to match novel gestures to novel object pictures that
were high or low afforded by their associated objects. Apraxic patients demonstrated greater
recognition of gestures highéfforded to the object shape (Barde, Buxbaum, & Moll, 2007). This
affordance benefit was however only found for action recognition and not production where
apraxic patients were consistently poorer than controls regardless of affordance. Use of two
dimensonal objects during trainings might have reduced the affordance bias during action
production. Retrieval of the appropriate action associated with the object may also have been

more difficult when the goal was simply to produce the correct action (Baadle 2007).
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The current study explored the impact of affordance on object manipulation by requiring
participants to repeatedly lift and balance novel objects of differing weight distribution. Over
three conditions the weight distributiaf different ¢lindrical objects was indicated using
different objectweight associations, either by ldevel visual affordances of the objects
structure, highOHYHO YLV XDO DIIRUGDQFH RI D FRORXUHG uGRW]
indirect highlevel memoryassociation with the colour of the object itself. Change in object
manipulation over repeated lifts determined whether apraxic patients successfully used object
knowledge obtained through experience to inform their grasp, or whether they continually relied

on the visual cues to guide action.

6SHFLILFDOO\ WKLV VWXG\ H[DPLQHG SDUWLFLSDQWVY SR
weight distribution. When balancing objects healthy adults intuitively choose a grasp close to the
centre of mass in order tainimise the energy required by grip force to compensate for load
torque (Salimi, Frazier, Reilmann, & Gordon, 2003; Duemmler, Schoeberl, & Schwarzer, 2008;
Endo, Wing, & Bracewell, 2011). This is said to be estimated visually prior to initial object
graspng, which is reflected in accurate grasping of unfamiliar objects for the first time (Ledermen

& Wing, 2003) or when asked to visually point to the centre of mass {Baugd & Soechting,
2001;Duemmler et al., 2008Y.he current task used action executimmughout as opposed to a
perceptual task during learning. Mtas anticipated that apraxic patients would show greater
performance accuracy when the object afforded the correct gesture with increased contextual

information provided (akin to findings byade et al., 2007 in the recognition task).

During the lowlevel visually afforded condition, when weight distribution is indicated by object
structure (i.e. the cylindrical object is evenly weighted), apraxic patiers expected toake

initial grass towards the centre of mass and require minimal trials to balance the object similarly
to control groups. In the higlevel visually afforded condition, when the centre of mass is
LQGLFDWHG E\ D uGRWY RYHU WKH ZHLJKWtHiSCUe Qver tirdeSUD [ L |
to prompt a more accurate grgspint over each trial. Alternatively in the memeagsociated
condition, when the weight distribution is indicated indirectly by the colbtiveoobject, apraxic
patients wee expected to be more profadly impaired, requiring a greater number of trials to
accurately balance the object. Instead, apraxic patients may continue to {secloaifordance

cues of object structure to indicate weight distribution, resulting in more central grasps rather than
to the left or right of the object. Inappropriate manipulation of iyl afforded and memory
associated objects with maintained use oflevel affordance cues, would confirm that apraxics

overrely on visual information processed by the dorsal Vistieam due to ventral, stored
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knowledge, being unsuccessfully incorporated into the action plan via the -densad sub

stream.

4.3. Method
4.3.1.Participants

27 formally righthanded participants were recruited, 13 of which had suffered a shkigk&8

* 14, 8 male) within 27 monthMgonis15 £ 10) and 14 ageatched healthy control participants

(Mage70 £9, 5 male). Of the patiemjroup, at the time of testing threesplayed symptoms of

apraxia and 10 did not show signs of apraXiaree of thenonapraxic stroke patients this

studyhad been classed as apraxic in the previous patient study (Chapter 2), hdwvingethe
currentapraxia screeningpraxicsymptomshad largely resolved in the casepattient DF (96%
correct) and WM (98% corre¢ ZKHUHDV SDWLHQW 709V DSUD[LD KDG |
$OWKRXJIK SDWLHQW 709V DSUD[LF V\IPSWRPV UHVROYHG TX
very mild symptoms of apraxia (95% corre@ne norapraxic patient was later excluded (FR)

ashe was diagnosed with early onset of vascdéanentia.$ SUD [L D SABIWGMHK aheNVIRY
presented with stable symptoms of apraxia across both st@dliggrticipants gave informed

consent to participate. The ethics committee within Northumbria Univéfs vV '"HSDUWPHQ
Psychology and a local NHS ethics committee approved the project.

On the basis of CT, MRI scans and clinical notes, patients who had suffered a brain haemorrhage
or an infarct involving the left hemisphere were recruited from reltetioin centres and National

Health Hospitals within the North East of England. Patients presented with degrees of aphasia,
right-sided weakness, or sensory loss. The presence of apraxia was classified on the basis of
abnormal performance in one or moretlué apraxia screening tools assessing gesture imitation
and familiar objecuse (pantomime and actual udegtient details are described in Tafbfeand

apraxia screening performance in Tab&

Table 42 describesHDFK SDWLHQWV O HrvilaRegs ibpicated/asibhsder® G P
mapped using MRIcron software package (Rorden, Karnath, & Bonilha, 2007,
KWWS Z7ZzZZ PFFDXVODQGFHQWHU VF HGX PULFUR PULFURQ
clinical scans of each patient. The areas of damagsafdr patient were mapped using MRIcron
VRIWZDUH SDFNDJH OHVLRQV ZHUH GHWHUPLQHG EDVHG R
brain image. Scans were then normalised to a common stereotaxic space using Clinical Tool box
software through SPM aragplied to the Brodmann Atlas included in MRIcron (Rorden, Bonilha,
Fridriksson, Bender, & Karnath, 201&tp://www.mricro.comé&linical-toolbox/).Lesions for the

three apraxic patients are visually documented in Figure
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Further test batteries amtinical notes were used to exclude any patient presenting with global
cognitive deficits or known dementia, severe receptive aphasia or failure to follostamee
commands (according to the language comprehension token test by De Renzi & Faglioni, 1978)

or dgnificantvisuospatial neglect (according to the Apples Test by Bickettah, 2011

Healthy agematched control participants did not have a history of brain damage or stroke. These
SDUWLFLSDQWY ZHUH UHFUXLWHG phrfcipadatdabas® WK Re@eR J\ 't

given monetary compensation for their time.

Table 4.1 Description of each apraxic patientin Study 3.
Featuringapraxics (top) and noapraxics (bottom); includes FR who was excluded due to early

onset vascular dementia.

A t Days Rigtht sided Aphasi Language
: ge a post motor phasia Neglect/ comprehension
Patient Sex test stroke weakness noted on hemianopia (stage reached ¢
(years) on admission
at test . Token Test)
admission
AH F 72 226 Y Y R neglect 6
GW M 49 87 Y Y n.t. 3
JA F 48 486 Y Y N 2
SG F 66 833 Y Y N 6
TY M 76 783 N Y N 5
DF M 70 754 Y Y N 6
WM M 78 152 Y N N 6
MB F 49 142 Y Y N 6
T™ M 61 169 Y Y N 6
DJ M 84 130 N Y N 5
JS F 91 823 Y N N 6
BH M 58 843 Y N N 6

Note.F: Female; M: Male; Y: Yes; N: No; L: Left; Right, n.t: Not Tested
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Table42. ' HVFULSWLRQ RI HDFK SDWLHQWfV OHVLRQ LQ 6WXG\
Description of each apraxic (top) and rddSUD[LF ERWWRP SDWLHQWYV OHVLRQ DV GHVFULEHG LQ WKH UDGLRO

Brodmann atlas.

Lesion *left hemisphere lesion information on basis of ac Brodmann Areas damaged (% = amount lesioned)

Patient Includes IPL

CT/MRI report >75% 25-75% <25%
AH N L MCA infarct involving L putamen, internal capsule, & caud 34 10, 11, 25, 32, 47, 45, 46
head. Extending into frontal white matter.
GW Y L temporeparietal, basal ganglia, & parietacipital infarcts. 22,31, 3739 6, 19, 20, 34, 36, 38
JA N L MCA infarct 34, 38 47 6, 11, 20, 21, 22, 41, 44
SG N L corona radiata infarct.
TY N L frontal MCA infarct. 47 11, 38
DF - L fronto-temporeparietal infarct & L insula.
WM - L total anterior circulation infarct.
MB N L frontal lobe, thalamus, lentiform, R caudate head, bilat
basal ganglia lacunar infarcts.
™ N Ischamic change in the L MCA occlusion. 42
DJ N L frontal MCA infarct 44 6, 38, 43 9
JS N Mild white matter ischaemic change.
BH N L thalamus bleed.

Note.F: Female; M: Male; Y: Yes; N: No; L: Left; R: Right; ACA: Anterior Cerebral Artery; MCA: alCerebral Artery.
Brodmann areas ascribed to the inferior parietal lobe (areas 39 & 40) are indicated @nhottie scan report details are included for WM because his scan could

not be obtained for digitation, afokr DF becauséhe scan was perfored too earlyo allow accurate localisation of thesion.



Figure 41. Scan slices of$ions of each patient in Study 3
Scan slices for apraxic patients AH, JA, and GW; lesioned areas were applied to a template scan
allowing clear visualisation of ghanatomical landmarks. The lesion area(s) are in red. Left is

right as per neurological convention.

4.3.2 . Materials

Apraxia Screening

Gesture imitation of hand and finger posturéSoldenberg, 1996) The experimenter
demonstrated different hand posturelative to the head and finger postures irrespective of the
KDQGY SRVLWLRQ LQ UHODWLRQ WR WKH ERG\ *HVWXUHV Z
sat opposite the patient, performing each posture with their right hand to be imitated by the
pDWLHQWVY OHIW KDQG DIWHU WKH GHPRQVWUDWLRQ KDG
first trial was awarded two points; one point was given if the patient was successful after a further
demonstration; zero points if the gesture was not iedtabrrectly. A total score of 20 could be

achieved by imitating ten gestures of each kind.

Pantomime of object us@ased on Goldenberg et ak007). Participants were required to
demonstrate the use of 19 objects. The experimenter presented a demyenoineach object
(taken from Cycowiczt al.,1997) and named the action to be pantomimed. Points were given
for the presence of predefined movementdess (Goldenberg et al., 2068&tails these). With
exception to demonstrating the use of scissooslypartasobject errors were marked as

incorrect. A total of 53 points could be obtained, with less than 43 measured as pathological.
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Actual object usébased on De Renzi & Lucchelli, 1988articipants were given the same verbal
description of the dmn to be demonstrated as in the pantomime task. Eighteen of the

pantomimed objects were presented; one point was given if used correctly and zero if incorrect.

The incorrect use of two or more objects was considered pathological.
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Table 4.3. Apraxia sceening performance of patients in Study 3.

Screening performance and error types in apraxics (top) andapyaxics (bottom).

Apraxia Screening

Patient Gesture Imitation (total score) Object use (total score)
Hand (20) Errors Fingers (20) Errors Pantomime (53) Errors Actual (18) Errors
AH 19 fe 19 fe 37 bpo; ss; gm 18
GW 16 hm; sm 4 p of hands; sm 10 ao; aa 16 aa
JA 19 sm 20 36 bpo; ss; gm; sm 16 SS; sm
SG 20 20 53 18
TY 18 sm 18 sm 48 bpo; sm 18
DF 18 hm 20 50 gm; sm 18
WM 20 20 48 gm; sm 18
MB 19 hm 19 sm 53 18
™ 20 20 53 18
DJ 18 hm 19 fe 53 18
JS 20 20 53 18
BH 20 20 51 Ss 18

Note.Types of performance error were given the following acronyms: GESTURE IMITATION: perseveration (p); handhtatsoni€hm): misorientation of the

hand relative to the face; finger extension (fe): incorrect fingers extended from hand; spatial misorientation (sm)otianthtiga relative to the experimenter, e.g.

back of hand instead of palm facitgBJECT USEaction addition (aa): miscellaneous actions not interpretable as a step in the task, e.g.asg@ingmission

(ao0): failed to perform any recognisable action; step omission (so): failed to complete some parts of the movemetihgetmndtahengueezing a lemon; body

partasobject (bpo): e.g. brush teeth with finger; semantic substitution (ss): e.g. stir with fork; grasp misestimation (gredt igramp size/type for object, e.g.

pincer grip for cup; spatial misestimation (sm): incorrecti@iahip between object relative to body or another (reference) object.



Object Grasping Task

Object stimuliFive cardboard cylinder tubes (length: 24.5cm, diameter: 3.7cm) were used, each
containing a 1¥ram weight (length: 2cm, diameter: 1.5cm) inecor both ends. The five
F\OLQGULFDO REMHFWYV FRPSULUHEBGHRI YLK DB CR-RIGR WGE R (
YLVXDOO\ DIIRUG HIBVV DFL® \VMEEIRiBUKIMafbRIZd condition consisted

RI RQH pQHXWUDOT Jéhly wdigBththvEn/dn¥\ineiDhain 28N et of the cylinder.

The highlevel visually afforded condition consisted of two grey objects that were unevenly
weighted, containing a weight in either the left or right end of the object. The heavier end of each
objeFW ZDV PDUNHG ZLWK D UHG pGRWT FP GLDPHWHU ZK
GLVWULEXWLRQ ZKHQ DFWLQJ XSRDW RIR LFOBWVHFWF R QGL W/Q R
one green and one blue cylinder; when presented to the particifgagiteen object was weighted

on the left, whereas the blue object was weighted on the right. Participants were required to
remember the colowweight associations when lifting the object without a visual cue indicating
weight distribution on either end dlfie cylinder. In addition to the main objects, two white
practice cylinders were used when giving task instructions: one eweigjted (length: 42cm,
diameter: 1.5cm) and one unevemigighted object (length: 46, diameter 1.7cmg8d4m weight

on the ridnt side). The practice cylinders did not resemble test objects in size and weight to

minimise priming effects of grasping these objects prior to the main experiment.

A horizontal bar (length: 30cm, diameter: 0.5cm) was positioned perpendicular totitip quat;

35cm in front of the participant and 24cm above the table. Both the experimenter and participant
used the bar to indicate the extent to which the object was balanced. For the datastng a

video camera was placed behind the horizontal drat recorded each trial. A schematic

representation of the experimental setup can be seen in Bigure
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Figure 4.2. Schematicepresentatiorof the experimental setup of Study 3.
(Left) Objects used in the main task. From top:-lewel visually afforeéd; left & right weighted
high OHYHO YLVXDOO\ DIIRUGHG ZLWK pGRWYT FXH OH{IW ZHLJ

associated. (Right) Schematic representation of the experimental setup.

4.3.3. Procedure

Each participant was seated at the workspaberavthe objects were presented. Using the
horizontal bar as a guide, participants were instructed to lift and balance each object using a pincer
grip with the index and thumb of their left hand. After the object was lifted to the horizontal bar,
participaits returned the object to the table and removed their hand from it before another trial
began. It was emphasised that if the object was imbalanced, they should not compensate by
tightly pinching the object or rotating their wrist during or at the erahoh lift. Task instructions

were demonstrated using the evenly weighted practice cylinder. Participants were then requested
to practice the task procedure using the same cylinder. Once participants successfully completed
the movement they were presentbd unevenly weighted practice cylinder and repeated the
process. After it was evident that participants understood the procedure, the main task was started.
During the main task, to ensure each participant had the same experience with the object, they
wereasked to lift and balance each object five times before being presented the next object. In
each block, objects were presented in a random order. Overall, there were five testing blocks in
which participants saw each object once; including each individahlparticipants lifted each

object 25 times, totalling 125 trials. The video camera recorded participants completing each trial.

4.3.4.Data Analysis
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Task performance across each condition was initially compared between each control group
(healthyand norapraxics) using a twaray mixed model ANOVA exploring OBJECT (low

level visually afforded; higtevel visually afforded; memorgissociated) x GROUP (Healthy vs.
Non-apraxic controls) to rule out differences across control groups. Each apraxit wasehen
compared to the control groups separately using modiiest$ recommended when estimating
WKH DEQRUPDOLW\ RI DQ LQGLYLGXDO SDWLHQWYV VFRUH
(Crawfad & Garthwaite, 2002; Crawford, Garthwaite, Rorter, 2010). Participants were
assessed on change in performance accuracy over trials (TC) and change in performance accuracy
RYHU EORFNV %& 7KH IRUPHU ZRXOG LQGLFDWH ZKHWKH
with repeated lifts of the same objeand the latter would confirm whether apraxic patients
applied what they had learned in previous blocks when each object was reintroduced. The point
at which the object was grasped was used as a guide to evaluate grasp behaviour.

Firstly, in order to argse the video footage, photo snapshots were created when participants
ZHUH DW WKH PD[LPDO SRLQW RI REMHFW OLIW )URP HDFK
based on the midpoint position of the index finger along the object (from right to left).

Grasps were considered accurate depending on whether the object was successfully balanced and
an appropriate point of grasp was applied to compensate for the objects weight distribution. This
ensured participants were accurate due to adjusting theprgoint along the object, as opposed

to applying greater grip force or by rotating their wrist during each lift. If the location of an
LQGLYLGXDOYV JUDVS ZDV JUHDWHU WKDQ WZR VWDQGDUG
(OP) to compensate for vgdit distribution, it was marked as inaccurate. The optimum point of
grasp was measured for each object based on healthy control participants mean point of grasp for

the fifth trial across all blocks.

Accuracy change over Trials (TGRrasp accuracy was iepared between Trial 1 and Trial 5
DFURVVY EORFNV 3HUIRUPDQFH FKDQJH DFURVV WULDOV
performance improved with repeated grasps of the same object. To compare performance,
accuracy was first weighted; accurate gragp®arly trials (e.g. Trial 1) received a greater
weighting compared to accurate grasps in later trials (e.g. Trial 5). This reflected the extent to
which performance was driven by trial and error or learning each objects weight distribution.
Inaccurate grgps were given a negative score: fewer points were deducted when grasps were
inaccurate in early trials and greater points deducted when performing inaccurately in later trials.
These reflected the extent to which participants failed to adapt their giasptbhG RQ HDFK REN
weight distribution with repeated grasps of the sanmeobl§see Table .4 for weighted scores).

As a greaterscore could be achieved in Trial 1 compared to Trial 5, these scores were then
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calculated as proportions of the maximum saxhievable in that trial, across all five blocks. For
example, in Trial 1 an accurate grasp scores 5 points, over 5 blocks a maximum score of 25 can
be achieved, whereas for Trial 5 an accurate grasp scores 1 point, over 5 blocks a maximum score
of5canEH DFKLHYHG 2QFH SDUWLFLSDQWVY VFRUHV LQ 7UL
proportions, accuracy in Trial 5 was deducted from Trial 1 (as outlined in the equation below).
Based on this calculation, a greater negative score signifies improved@cegross trials, a

positive score signifies reduced or consistently poor performance across trials, and a score of zero

indicates that the participant achieved the highest accuracy across trials.

Accuracy change (TC) = (block&.average scof&'/ maximum scor&?') Hblock 1-5 average

score"™@ 5/ maximum scoré? %)

Accuracy change over Blocks (BOsing the same calculation, performance across blocks was
assessed by comparing the average accuracy across trials between Block tbckn8. B
Performance change across blocks would confirm whether apraxic patients applied what they had
learned in previous blocks when each object was reintroduced. As with trial data, performance
across blocks was weighted using positive and negativessdorearly blocks, participants
received greater points for accurate grasps and fewer points were deducted for inaccurate grasps,
whereas in later blocks participants received fewer points for accurate grasps and more points
were deducted for inaccurateagps. Scores were transformed into proportions of the maximum

score before accuracy in Block 5 was deducted from accuracy in Block 1.

Notably during testing, neapraxic patients BH and JS completed only four testing blocks due
to experiencing fatigue ve lifting the objects several times. The same calculation applied to the

final block was instead applied to Block 4 for these patients.

Table 4.4. Accuracy score weightingfor Study 3.

Weighted scores for analyses of accuracy change over Trial ank.Bloc

Trial 1 2 3 4 5
Correct 5 4 3 2 1
Incorrect -1 -2 -3 -4 -5
Block 1 2 3 4 5
Correct 5 4 3 2 1
Incorrect -1 -2 -3 -4 -5
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4.4. Results

In order to confirm whether apraxic patients utilised-lewel visual cues, highevel visual cues,

and memoy-associations regarding weight distribution when balancing each object, performance
change across trials and across blocks were assessed. Point of grasp for each object was used as
a guide to evaluate grasp behaviolinese results would indicate whettagraxia impacts the

ability to learn to sifully manipulate new objects in a manner applicablémpaired internal

movement representations attributed to the vetitirgal stream

4.4.1.Accuracy change across trials (TC)

Healthy controls versus neapraxics. An initial two-way mixed model ANOVA exploring
Object(low-level visually afforded; highevel visually afforded; memorgssociated) x Bup

ruled out differences in performance change across Trials in healthy asaghr@oc controls.
Non-significant main effects confirmed that performance was comparable across control groups
(Group F21y=.139,p =.713, ,? = .007) and between objects (Objet 35728504~ 3.583,p

=.058, 2 = .145). However, a significant interacti@bject x Group(F.3s7.28.504= 8.479,p

=.004, ,*=.288) was identified. Independent sampitst did not reveal significadifferences

in performance for all conditiong &.05) except the lovevel visually afforded conditiort:) =
2.353,p =.028). Nonapraxics showed greater improvement in task performance from Trial 1 to
5 (TC=.333 £ .280) on the Neutral, evenly weightibject compared to healthy controls whose
performance reduced (TC = .257 £+ .714). Notably, differences easily arise on the- evenly
weighted, lowlevel visually afforded object, because the point scoring system works with
difference from the mean and standl deviation on this condition in normal performance is very
small (and differences are therefore of limited interest).

Despite variances in performance change for the Neutral object, healthy aapragit controls
consistently grasped the object cldsethe optimum graspoint (OP = 13.18cm). Examining
grasppoint behaviour of controls across all three conditions, both groups initially grasped closer
to the centre of each objectin Trial 1, butby DO ZHUH ” FP IURP WboKtH RSWL
for each object. This indicates that healthy and-aammaxic controls effectively utilise both lew

and highlevel visually afforded and memoassociated information to improve performance
when repeatedlifting each objet(see Tablel .5 for performance change over trials, Tabkg

for participants average points of grasp, and FiguBdor accuracy change across trials).

Patient AH.Single case-tests confirmed that during the hitgvel visually affeded condition,

patient AH performed significantly worse than both healthy contpts @01,t = 13.363) and

nonapraxics p = .007,t = 3.160) with at least a minimum of 99.33% of controls falling below

$+1V VFRUH :KHQ JlhBsdcsateq@ dbjedtpRtiRid AH was also significantly worse

than healthy§ <.001,t = 17.100) and noapraxic controls{ =.001,t = 4.775) with at least a
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PLQLPXP RI RI FRQWUROV IDOOLQJ-EevweiRalybafffirded/ FR U H
and memonassociated RQGLWLRQV $+V DFFXUDF\ ZDV FRQVLVWHQ

control groups generally improved performance across trials (TC from 0.0427d).

Observing the average gragpints for both the higkevel visually afforded and memory
associated aulitions, patient AH maintained a point of grasp towards the centre of each object
(from 11.10cm to 13.45cm). These grasps were at least 4.8cm from the optimumairasp
compensate for weight distribution of each object. Unlike control groups, patemtd not

adjust her grasp towards the weighted end of across trials.

As this patient did not adjust her grasp away from the midpoint, when grasping the Neutral low
OHYHO YLVXDOO\ DIIRUGHG REMHFW $+9V SHUIRURDIQFH FKIL
(p=.367,t = - DQ HVWLPDWHG IDOOLQJ-dpHacRE.Z1V VFR
DQ HVWLPDWHG IDOOLQJ EHORZ $+TV VFRUH 1
patient AH successfully uses ldavel information affordedy the structure of the object, but
DOVR $+9V XVH RI PLGSRLQW JUDVSV FRQILUPVY WKDW K

performance.

Patient GWPerformance of patient GW mirrored that of patient AH. Performance change over
trials was worse than heajthnd norapraxic controls when grasping unevenly weighted objects

in both the higHevel visually afforded and memoassociated conditions: for all comparispns

” ZLWK DW OHDVW DQ HVWLPDWHG RI FRQVWSY ROV IL
consistently unsuccessful in balancing these objects (TC = 4.8 for each), with average points of
grasp ranging from 13.46cm to 14.76cm across all four objects, and at least 5.18cm from the
optmumgraspSRLQW 2YHUDOO *:TV DYH \ybdsd tadds SlighBy IHENE IFtR Q V L \

of each objects centre regardless of their weight distribution.

However when grasping the Neutral @ HYHO YLVXDOO\ DIIRUGHG REMHFW
comparable to both healthp<.367; an estimated 36.68% falillfgHORZ *:V VFR-UH DQ
apraxic controlsgf DQ HVWLPDWHG IDOOLQJ EHORZ *:YV VF|
grasppoints were close to the optimum point of grasp. This also confirms that GW does not have

any symptoms of neglect that might aff@erformance.

Patient JASSUD[LF SDWLHQW -3V SHUIRUPDQFH FKDQJH DFURV\
and norapraxic controls for lowevel visually afforded and memogassociated conditiong (
>.05; an estimated 25.65% t0 61.96% of contldsOOLQJ EHORZ -$V VH&&H 'XU

visually afforded condition, although JA was comparable teapmaxics p =.349,t = 0.402; an

70



HVWLPDWHG RI FRQWUROV IDOOLQJ EHORZ -3$1V VFRUI
different to healty controls p =.005,t = 3.032; an estimated 99.52% of controls falling below
-$V VFRUH 8QOLNH WKH RWKHU FRQGLWLRQV -$ GLG QRW
1 to 5 (TC=.360) in the highevel visually afforded condition, indicating tha#\ continued to

make errors by the final trial. However, as indicated by average-poésts in Trial 1 and 5, JA
WA\SLFDOO\ UHRULHQWHG KHU JUDVS WRZDUGYV WKH ZHLJKW
the optimum graspoint, discounting Trial Bf right-weighted object. In fact, when grasping the
right-weighted object, JA deviated to a more extreme rightward gimasp seemingly
compensatory purposeful wagverage graspoint was 4.20cm further right than the optimum

point (6.29cm) by Trial 5, tereas graspoints of healthy controls were less than half a
centimetre from the optimum poir@rasping behaviour of JA further suggests that she was using
compensatory mechanisms; JA performed the task slowly and deliberately by delaying grasp
onset andslowly lifting each object, whereas AH and GW would rapidly reach and grasp each
object during each triallogether, average grappints confirm that JA generally reoriented her

grasp towards the weighted end of each object, however she continued terroekby Trial 5.

Table 4.5. Patients Jgrasp performance changen Study 3.

Performance change over trials (TC) and blocks (BC) inapyaxic (top) and apraxic (bottom)

patients.
Change across trials (TC) Change across blocks (BC)

Loyv-level High-level Memory: Lo_w-level High-level Memory:

PT Visually Visually Associated Visually Visually Associated
Afforded Afforded Afforded Afforded

SG -0.24 -0.24 -0.48 0 0.48 -0.36

TY 0 0.6 1.2 0 0.24 0

DF 0 -0.12 -0.48 0 -0.12 -0.24

WM  -0.48 -0.165 -0.84 12 0.28 2.16

MB -0.48 -0.84 -0.6 1.92 0.12 -0.24

™ -0.48 -0.24 -0.96 0 -0.12 0.36

DJ -0.72 0.36 -0.12 1.2 -0.36 0

JS 0 1.65 1.8 -1.5 1.65 1.8

BH -0.6 -0.6 -0.9 15 -1.11 -1.99

Ave  -0.333 0.045 -0.153 0.48 0.118 0.166

AH 0 2.52 4.8 0 3.24 4.8

GW 0 4.8 4.8 0 4.2 4.8

JA -0.24 0.36 -0.84 0 -0.72 0.48

4.4.2.Accuracy change across Blocks (BC)

Healthy controls versus nespraxics. Nonsignificant main effects and interactions from the
two-way mixed model ANOVA confirmed that performance chanacross Blocks was
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comparable between control group$ij€xt Fi 2ss 27.045= .986,p =.381, ,* = .045,GroupF 21

= .385,p=.542, ,*=.018,0bject X GrougF.2ss 27.045= .264,p =.671, ,*=.012. Both healthy

and norapraxic controls adjusted their point of grasp across blocks depending on the weight
distribution of each obje¢see Bble4 5 for performance change over trials, Tahtefor average
grasppoints and Figurd. IRU DFFXUDF\ FKDQJH DFURVYV EORFNV JU
optimum grasgpoint by the final block. Accuracy was also maintained across blocks (BC ranged
from .094 to .583).

Patient AH.Accuracy change was worse than both healthy andapogxic controls during the
high-level visually afforded and memoassociated conditions (for all comparis@s.05, with
at least an estimated 99.65% of controls falnEHORZ $+YV VFRUH SDWLHQW
DFFXUDF\ FKDQJH DFURVY EORFNY ZDV FRQVLVWHQWO\ KLJk
% & " $ Y H U-poinits cbbfibm/tBat AH did not adjust her grasp according to the
weight distribution of ach object but maintained a more central grasp; across both Block 1 and
%ORFN $ +ffoint Jdodgel Between 11.50cm and 13.45cm, at least 5.20cm from the
optimum point of grasp. This suggested that AH failed to utilise stored knowledge of weight
distribution when the object was reintroduced.

$V EHIRUH SDWLHQW $+1V SHUIRUPDQFH=BKIQ-DH1Z RV FRPS
HVWLPDWH RI RI FRQWUROV |D Gapraxgr XohttdORrB38,+V VFRL
-0.430; an estimate of RI FRQWUROV IDOOLQJ EHORZ $+1V VFRUH
low-OHYHO YLVXDOO\ DIIRUGHG REMHFW 3DWLHQW $+fV DFF

maintained a central gragmint within 1.48cm from the optimum point of grasp.

Patient GWSimilarly, during the higHevel visually afforded and memaogassociated conditions

patient GW performed worse than healthy controls andapoaxics; for all comparisoms<.05,

ZLWK DW OHDVW DQ HVWLPDWHG Rl ERGWJeRmededddOO L Q
object centrally at least 5.18cm from the optimum gi@a@ipt resulting in a consistegtpoor
DFFXUDF\ FKDQJH DFURVY EORFNV %& -

Mirroring patient AH, when grasping the Neutral K@HYHO YLV XDOO\ DIIRUGHG
performance change was equivalent to healbhy.844,t = -0.411) and nofapraxic controlsg
=.339,t = -0.430). Rtient GW maintained a central point of grasp within 1.77cm from the

optimum grasgpoint resulting in a consistently high accuracy change score (BC = 0).

Patient JA. Across all three conditions (lolevel visually afforded/highevel visually
afforded/merory- DVVRFLDWHG SDWLHQW -$YV SHUIRWPDEH ZDV |
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HVWLPDWHG W R RI FRQWUROV IDOOLQAQANEHORZ
consistently accounted for the weight distribution of each object in Block 1 and Block 5,

confirming she was able to adjust her grasp when the objects were reintroduced.
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Figure 4.3. Patients change in grasp accuracy between Block 1 and 5 in Study 3.

(Top) Change imgrasp accuracy between Trial 1 and Trial 5 across blocks including stardard
bars. (Bottom) Change in grasp accuracy between Block 1 and Block 5 across trials including standa
error bars. For both Trial and Block analyses a negative score indicates an improvement i
performance across trials; a positive score indicatesdaced or consistently poor performance.
Scores close to zero reflect consistent high accuracy across trials. Two asterisks dpnaties a

<.001, and a single asteriskp aalue <.05.
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Table 4.6. Average points of grasp across trials and blocks in Gtly 3.

Point of grasp (cm). Top: Trial 1 and 5 across blocks, including the overall average point of grasp and standard dekaatavacy trial for each object. Bottom:

Block 1 and 5 across trials, including the overall average point of grasp andasthdeviation across every block for each object.

Low-Level Visually Afforded

Point of gasp (distance from OP)
High-Level Visually Afforded (Dot)

Memory-Associated

Evenly Weighted (OP=13.18

Left Weighted (OP=19.85)

Right Weighted (OP=6.29

Left Weighted (OP=20.18)

Right Weighted (OP=6.30)

Trial 1 5 1 5 1 5 1 5 1 5
AH 11.70 (1.48)  11.55 (1.63) 11.75 (8.10) 12.00 (7.85) 12.00 ¢5.70) 11.10¢4.80)  11.50(8.69) 12.55 (7.63) 12.00 ¢6.83)  11.35 ¢6.18)
GW 13.30¢0.12) 13.60¢0.42)  13.65(6.20) 13.95 (5.90) 12.95 ¢(6.65) 13.00¢6.70)  13.70(6.49) 15.00 (5.18) 13.60 ¢8.43)  13.55 ¢8.38)
JA 1430 ¢1.12) 12.85(0.33)  20.70¢0.85) 18.54 (1.31)  5.55(0.75) 2.10 (4.20) 17.10 (3.09) 21.30¢1.12)  15.70¢10.53) 2.55 (2.®)
Healthy control ~ 13.48 ¢0.29)  13.18 (0.01) 17.48 (2.37) 19.84(0.01)  9.60¢3.31) 6.30 (0) 14.09 (6.10) 20.21¢0.03)  11.53¢6.36) 5.15 (0.02)
Norrapraxic 11.91 (1.33) 12.57 (0.58) 16.45 (3.45) 19.05(0.89)  9.23¢3.01) 5.88 (0.33) 13.48 (680) 19.04 (1.22) 11.26 ¢6.07)  5.62 ¢0.52)

Block 1 5 1 5 1 5 1 5 1 5
AH 11.70 (1.48)  11.70 (1.48) 11.80 (8.05) 12.55 (7.30) 11.75 ¢5.45) 11.50¢5.20)  12.10(8.08) 13.45 (7.30) 11.70 ¢6.53)  12.60 (7.43)
GW 12.70 (0.48) 14.95¢1.77) 1410 (5.75) 15.40 (4.45) 13.50 ¢7.20) 13.90¢7.60)  15.65 (4.53) 15.40 (4.45) 13.95¢8.78)  14.35 ¢9.18)
JA 12.60 (0.58) 12.65(0.53)  6.74 (13.11) 21.95¢2.10)  5.70 (0.60) 2.20 (4.10) 20.85(0.67) 20.80¢2.10)  6.55¢1.38)  4.80 (0.37)
Healthycontrol 12.86 (0.32)  12.99 (0.19) 16.66 (3.19) 19.89¢0.04)  7.80¢1.51) 6.58 (0.28) 17.98 (2.20) 19.32¢0.04)  7.43(2.25)  6.28 (1.11)
Norrapraxic 13.10 (0.08)  11.37 (1.32) 16.47 (3.39) 19.77 (0.50)  7.69¢1.39) 5.37 (0.01) 16.93 (3.25 18.96 (0.50)  8.86(3.39)  5.21 (0.58)

Note: OP = optimum graspoint to compensate for objects' weight distribution.



4.5. Discussion

To assess whether apraxic patients successfully integrate stored knowledge of objects into action
plans, participarstwere required to learn different weight distributions when lifting and balancing
REMHFWV XVLQJ D SLQFHU JULS 2YHU WKUHH FRQGLWLRQV
by either a lowlevel visually afforded cue (object structure), highd visually afforded cue

(visible dot over the weighted end), or memassociated cue (object colour). If apraxic patients

fail to incorporate stored information into their grasp, performance would decrease linearly with
increased reliance on higdvel infformation (i.e. when object structure did not afford weight
distribution). As a result, apraxic patients were instead expected teredyeon visual
information, resulting in more centrally oriented grasps (based on object structure) disregarding
thelocaWLR Q RI WKH REM H FW ke§ults Fraprivthis istuByl wBuldvhet only confirm
whetherapraxicerrorsare restricted tcskilled objectuse, correspondintp those observed in

Study 1, but alsavhether apraxia affects patieffiility to learn skful use of new objects.

Performance change across trials (TC) and across blocks (BC) in theviwisually afforded

condition confirmed that all apraxic patients (AH, GW, & JA) successfully grasped and balanced
the neutral, evenly weighted object. @oarably to healthy and nepraxic controls, during
consecutive grasps of the neutral object (TC) and when grasping the object as it was reintroduced
LQ ODWHU EORFNV %& D S bipts FerSdned lclds@ W thg optirhQnnpoil@ O J U
of graspto compensate for weight distribution. Accurate grasping performance during the low
level visually afforded condition indicates that apraxic patients can successfully manipulate
REMHFWYV ZKHQ WKH ZHLJKW GLVWULE X Vynir@tricAl cili@dér). F D W H (
The traditional dorsal stream of the visual pathways model is therefore intact in these patients,
allowing appropriate use of visual information to accurately reach and grasp objects on the basis
of their shape and size (Goodale &liir, 1992; Milner & Goodale, 2006). This is consistent

with previous studies exploring manipulation behaviour in apraxia, confirming that these patients
can effectively grasp objects for transfer and infer the use of novel objects based on their
affordanes (Sirigu et al., 1995; Goldenberg & Hagmann, 1998; Buxbaum et al., 2003; letswaart

et al.,, 2006; Frey, 2007; Randeragh al., 2009; Randerath, Goldenberg, Spijkers, Li &
Hermsdorfer, 2010; Sunderlaetal.,2013).

$OWKRXJIK SDWLHQW s &fihh tBéHridrinralr@ie) seld b&ldw for a discussion of
-$TV SDWWHUQ R UHexeOiaudlly &fxrded @nil Mekiehsidciated conditions,
patients AH and GW failed to update their grasint when the objects were unevenly weighted

in both conditions.
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For both the highevel visually afforded and memogssociated conditions, patient AH and GW
maintained a central gragwint during recurrent trials with the same object (TC) or when the
objects were reintroduced in later blocks (BC).lWai to compensate for load torque by
reorienting grasps towards the centre of mass suggests that these apraxic patients fail to integrate
acquired knowledge regarding objects into action plans. Inaccurateppiasg persisting into

the final test blocks particularly representative of this. Paired with unimpaired behaviour in the
low-level visually afforded condition, grasp performance of patients AH and GW suggests an
overreliance on the structural properties afforded by the object. Maintained ggasppoints

in the highlevel visually afforded and memecpssociated conditions indicate that AH and GW
continually referred to intact dorsal processing allowing accuratéinenreachto-grasp
behaviour and use of lelevel visual cues of weight distbution.

SDWLHQW $+ DQG *:1V SHUIRUP D Qiusirecearch mBiGingihaif€dH Z L W |
perception of skilled objeeise (Buxbaum & Saffran, 2002; Buxbaunakt 2003; Myung et al.,
2010)andis consistent with the behavioabserved in Study (Chapter 2whereapraxic patients
demonstrate impaired perception of object manipulafiogether withappropriatesemantiand
functional semantiperception of objects, these resiudtgygest that errors are restricted to the
motoric elements of obpt-use whilsthe ventral stream of the visual pathways model is preserved

in these patientsThe performance of patient AH and G&ldds toresearch exploring action
execution in apraxia; apraxijgatients frequently choose inappropriate -Hfinmctional grasg
(Randerath et al., 2009; Randerath et al., 2010; Sunderland et al., 2010) or demonstrate impaired
grip force for familiar objects (Gordon et al., 1993; Dawson et al., 2010; Hermsdorfer et gl., 2011
Eidenmdller et al., 2014 onsequentlytheperformane of patient AH and GW across all three
conditionsoffers direct evidence isupportof the proposal that the ventdorsal stream is
compromised in these patients, resulting in impaired performance when grasping asymmetrically
weighted objects. Confirmatn that the impairment lies at the ventiarsal level comes from the

fact that dorsal processing of object structure remains jnégactdoesventral processing of
semantic and functional semantic perception (StudyThgreforethese results offer unique
evidence thatentradorsal disruption appears not onlyimpair skilled useof familiar objects,

but also the ability to leat®o manipulate novel objects.

Interestingly, both patients AH and GW did not appear to benefit at all from the visual bae in t
high-level visually afforded condition and there was no evidence of learning. In healthy
populations when an object is asymmetrically weighted, gpagps typically migrate towards

the weighted end, particularly when visual cues indicate where thre cémass is located (Endo

et al., 2011). Apraxics use of familiar objects also improves from pantomime to-as¢uaith

increased affordance or contextual cues (De Renzi & Lucchelli, 1988; Buxbaum & Saffran, 2002;
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Sunderland & Shinner, 2007; Goldenipe009; Randerath et al., 2011). Although apraxic
patients would not use the hidgavel visually afforded cue as effectively as control participants,

LW zZzDV K\SRWKHVLVHG WKDW WKH SUHVHQFH RI LQFUHDVH
the weghted end might promphore appropriate grasps in later trials or when the object was

reintroduced.

It is possible that a symbolic visual cue, such as a dot, is not ecologically meaningful and
subsequently requires more explicit learning. This diffemnfimplicit visual geometric cues of
shape and size that are ecologically meaningful (Gentile, 2000; Salimi et al, 2003). Consequently
the explicit learning of a visual deteight associatioomay also bereliant on higher order
perceptual processes to coptielise the meaning of the dot cue. If this is the case, comparable
performance in the higlevel visually afforded and memory associated conditioag be due to

both requiringintegration of stored and visible information via the vemoosal stream.
Therefore, it is reasonable that apraxic patients AH anch@yhit not benefit from the higlevel

visual cue. Studies showing improved apraxic performance with increased contextual information
may be attributed to an increased presence ofdoel affordarFH FXHV UHJDUGLQJ Wk
size and structurehowever as very few studies have assessed learning of skilled movement in
apraxia this can only be speculat€teresults of the currerstudythereforeemphasise the need

to explore learningn apraxia ¢ determinavhattype of cueshesepatients can successfully utilise

to inform their grasp

$GGLWLRQDOO\ LW ZDV VRPHZKDW VXUSULVLQJ WKBW SDW
term sensorimotor feedback to improve grasp performance during sebsétipls within a block

(TC). Attributed to the bilateral dorsal stream, rapidly decaying sensorimotor memory is formed
and updated with repeated grasps of the same object (Bursztyn & Flanagan, 2008; Buxbaum &
Kalénine, 2010). Apraxic patients apply appriate fingertip force when repeatedly lifting novel
objects, suggesting sensorimotor memories can be formed and applied (Gordon et al., 1993;
letswaart et al., 2001; Dawson et al., 2010; Li et al., 2011; Hermsdorfer et al., 2011; Randerath et
al., 2011;Eidenmuller et al., 2014). However, more central gi@@pts remained fairly constant
between the first and last trial in the current study. AH and GW may fail to updaterisgir

points with repeated lifts due to visible structural information andt$éon sensorimotor
feedback being in conflict; object shape suggests a central weight distribution whereas
sensorimotor feedback indicates it is either to the left or the right of the object. In grip force
studies, the novel objects were typically symmigat with a central weight distribution; the shape

of the novel object corroborated sensorimotor feedback of object weight, resulting in improved
fingertip force with repeated lifts (for examples see Gordon et al., 1993; Dawson et al., 2010; Li

et al.,, 2@1). Consequently it is argued that failure to use dieonh sensorimotor feedback by
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patient AH and GW is not because this process is disrupted, but that the design of the current task
causes an impediment between visual and sensorimotor informatiamgleéadow-level visual
affordance cues to be favoured. Taken together, the performance of patient AH and GW in high
level visually afforded and mema#gssociated conditions confirms that they fail to incorporate
stored knowledge into action plar@nce moe, these results emphasise the need to explore the

capabilities of apraxic patients to learn skilful use of new objects.

Although not quite normakpraxicpatient JA performed comparably to control groups in all
conditions, except when compared to tieakontrols during repeated grasps (TC) of the -high
OHYHO YLVXDOO\ DIIRUGHG REMHFWY ([SORe&v¢&lQiduallgVv EHE
afforded objects, a positive score for accuracy change over trials indicates that JA continued to
make errors Y the final trial. These errors were only minor in contrast to patient AH and GW

who consistently failed to adjust their grgsgint according to weight distribution. Further, unlike

these patients, no individual healthy control ordapnaxic patient fadd to adapt their grasp

point over repeated lifts (TC) and when the objects were reintroduced (BC).

Of note, normapraxic participant JS did not perform as efficiently as the otheapraxic patients

in the highlevel visually afforded and memoassocated conditions. However, she was still
markedly more accurate than AH and GW. Patient JS also performed at ceiling during the
language comprehension test and apraxia screening indicating that her performance was not
applicable to poor comprehension oraa. Instead, her performance may be more attributable

to her age; JS is the oldest participant (91) and testing had to be terminated after the fourth test

block as she became fatigued.

Referring back t@praxicpatient JA, when RPSDULQJ -$ fJavialttb paBere AHKand

GW, it is possible that she is using compensatory mechanisms to improve performance. Both AH
and GW performed the task very quickly, immediately reaching for the object at the start of each
trial and rapidly lifting the object befe returning it to the table. Alternatively, JA, a young and
highly motivated patient, performed the task slowly and deliberately, delaying grasp execution
and gradually lifting each object. After the task, JA commented that when the object was placed
in the testing area, she observed whether one end of the object landed on the table first as a
potential clue to its weight distribution. Despite careful placement of each object to avoid this
LVVXH LW PD\ EH EHQHILFLDO WR RFEQ@rE @lated onUNW table.SD QW
However, it was felt that participants should have a strong sense of object permanence; the
presence of each object during testing ensured that participants were aware that each object
reintroduced in later trials was the saasethose seen previously. Although patient JA may have

been using compensatory techniques to complete the task, it is apparent that she is able to adjust
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her grasp with repeated trials and then apply knowledge gained from earlier blocks to accurately
graspREMHFWV ZKHQ WKH\ ZHUH UHLQWURGXFHG 3DWLHQW -¢
and GW cannot be attributed to better comprehension, as JA scored the least in the language
comprehension test. Likewise, JA did not suffer from milder apraxic symptoatignt GW
GHPRQVWUDWHG WKH PRUH VHYHUH DSUD[LF V\PSWRPV :
FRPSDUDEOH WR $+ )LQDOO\ -$fV OHVLRQ LV YHU\ VLPLOD

For patient JA either ventidorsal processing remained intact or through her carefudnpeasihce

she managed to assemble compensatory strategies even at thesdigifforded stage. However

this cannot be verified. Appropriate performance when behaviour is delayed in apraxic patients
suggests that stored knowledge is maintained but difficuccess. As described, accurate
memorydriven reach and grasp performance is observed when apraxic patients pick up basic
blocks based on simple size and distance information (letswaart et al., 2001). During semantic
judgements apraxic patients alsoowsled greater fixations on object pictures that were
manipulatiorUHODWHG WR WKH WDUJHW ZRUG H J 3W\SHZULWH
relationship was not task relevant; the fixation position was comparable to thprzoac control

group butthe effect emerged later (Myung et al., 2010). The magnitude of delayed activation of
manipulation related action information in apraxia is predicted by poorer algjegiantomime
performance and the extent to which inferior parietal and posterior tehmegians were
compromised (Lee, Mirman, & Buxbaum, 2014). Therefore, the extended delay between reach
and grasp movements used by JA in her slow and deliberate performance (compared to patient
AH and GW who initiated grasps immediately) may have enabdeddincorporate stored
knowledge into action plans. This may also indicate why JA continued to make grasping errors

by the final trial when grasping the hig¢grvel visually afforded objects.

Although the design of the current study delayed réagrasp action between trials by requiring
participants to return their hand to the table before beginning another grasp movement, the
duration of this delay was not controlled. Further investigation is required to confirm whether
delay between reaching and gpang can reduce performance errors when balancing novel
objects. It is probable that such compensatory strategies may rely on critical brain structures being
intact; JA presented with frontal lesions that implicate white matter whilst parietal regicaia rem
XQGDPDJHG DV ZDV WKH FDVH LQ $+ ,Q FRQWUDVW *:qV
regions of the left hemisphere suggesting that the critical juncture between the ventral and dorsal
pathways may be compromised (Rizzolatti & Matelli, 2003xlBum & Kalénine, 2010;
Rizzolatti et al., 2011; Binkofski & Buxbaum, 2013; Vingerhoets, 2014). This corresponds with
SDWLHQW *:1V PDUNHGO\ SRRU SHUIRUPDQFH DFURVY DOO

strong association between impaired objext and temporal and parietal damage (Gubeeg,
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2009; Vingerhoets, 2014), and the results of Study 2 confirming an relationship between left IPL
integrity and motor imagery performanadisturbeduse of higHevel visually afforded and

memoryassociated fiormation is expected in this patient.

In conclusion, the current study confirms that apraxic patients have intact dorsal processing
DOORZLQJ VXFFHVVIXO JUDVSLQJ RI REMHFWVY A2&¢&8lVH ZHL
visual affordance informationf object structure. Apraxia was furthermore associated in some
patients with a disrupted ability to utilise hitgvel visually afforded or memotgssociated
information indicating weight distribution. Specifically, patient AH and GW failed to succhssful
incorporate higHevel visually afforded information in the form of a visual dot cue over the
objects weighted end, and mem@sgsociated information where weight distribution was
indicated by the objects colour. Grasps were inaccurate during repéatadd when the objects

were reintroduced. A third apraxic patient (JA) seemed to compensate for these difficulties.
Crucially, the abnormal grasping behaviaar apraxic patientsAH and GW suggests that
integration of visible and known object propertigdributed to the ventrdorsal stream is
impaired. Not only does disruption to venttorsal processing impair use of familiar objects, but

also these results would predict that apraxia is associated with difficulty learning to manipulate
new objects. lhpraxic patients only benefit from lebevel visual affordance cues such as shape

and size, these patients may fail to adapt their behaviour over time if these cues do not correspond

to the appropriate functional grasp.
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Chapter 5

Study 4: The efficacy @ using parietal tDCS to evaluate the laterality of

motor and visual imagery using hand and object mental rotation tasks.

5.1. Overview

Throughout this thesis is has been emphasised that the left hemisphere is purported to have a
dominant role in motomagery, in particular the left parietal cortex. This contrasts visual imagery
that recruits predominantly right parietal regioBased on the accumulated findingsStfidy 1

and 3indicating arelationshipbetween the ventrdorsal streamand apraxia and Study 2
confirming the critical role of the left IPL during manipulation perception, Study 4 further further
assessed the necessity of the left IPL during motor imaderyDCS is a novel technique in
imagery researcand given its weak effect in Studya®d variable nature during cognitive tasks,

the efficacy of modulating motor imagery was assessed using classic mental rotation tasks. These
hand and object mental rotation tabkye been reliablyhown to evoke motor and visual imagery
respectively Using different electrode montages, Experiment 1 and Experiment 2 examined
changes in performance accuracy and reaction times whengemtrotated hands or objects.
Results confirmed that depending on where the electrodes are placed, tDCS has diféetisg e

on performance. Nevertheless, although waakor mental rotation performance was modulated

by stimulation of left parietal regiorsuggesting this region is critical during motor imagery,
which is left lateralisedThe laterality of visual imagergowever was less clear despite being

intended as alassic and reliableontrol condition.

5.2.Introduction
5.2.1.Motor and Visual Imagery

Mental imagery refers to the ability to create and manipulate mental images in the absence of the
stimulus (Kossly, 1994). This conceptual process is built up of different forms including motor
and visual imageryAs described in the general introduction (Chapter djomimagery can be
generalised as the mental simulation of a motor act when the imager mentaligngeriovement

of their own bodypart without actually moving them, and without subliminally tensing the
engaged muscles (Crammond, 1997; Jeannerod, 1994; Lotze & Cohen, 2006). It is affected by

the actual body posture, biomechanical constraints, and yetftiel properties of the body parts
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(Parsons, Gabrieli, Phelps, & Gazzaniga, 1988)en individuals imagine a movement and are

asked to estimate the time taken to conduct it, such as tapping each finger with the thumb or
walking to a target in the roqgrthe estimates given are very similar to the time taken to actually
perform the tasks (Milner, 1986; Decety & Jeannerod, 19@@&nnerod, 1997). Imagined
PRYHPHQWY DOVR FRQIRUP WR )LWWVYV /DZ RI WKH GLUHF
and timetaken to performthe more difficult a movement is to perform, the longer it takes to

complete it, botlin imagery and actual movemenmigcety, 1991; Decety & Jeannerod, 1996).

Similarly, visual imagery is based on the formation of visual mental infem@svisual resources

LQ WKH DEVHQFH R LP D-pare(ApdetR OBY SiriuZ2DUB&@l) 2001). It

has been shown to be influenced by visuospatial parameters, such as the relative size of imagined
objects (Stevens, 2005; Pelgrims, Andre©Wvier, 2009) and the distance an object needs to be
rotated when comparing to another; participants need longer to make judgements about objects
or characters that are rotated at increasing amounts from the upright position (Cooper and
Shepard, 1973; Ke$yn, DiGirolamo, Thompson, & Alpert, 1998).

Mental rotation tasks are frequently used when determining the cortical loci of motor and visual
imagery processes; it is suggested that individuals perform the task by mentally rotating an
internal representiain of an object in space, which can rely on motor or visual imagery depending
on task demands. Two classic mental rotation tasks have been shown to implicitly involve these
different forms of imagery. Motor imagery is commonly assessed with mentabrotdtbody

parts, such as the hand. A hand mental rotation task created by Parsons (1987) requires
participants to confirm whether the left or right hand is displayed when presented individually on

a screen at different orientations. Response times haae $ieown to conform to physical
FRQVWUDLQWY RXWOLQHG DERYH LQFOXGLQJ )LWWVYV OD
posture (Decety & Jeannerod, 1996). For example, participants are considerably slower at
declaring handedness if the palm ofamti is presented upside down compared to upright as it is

a more unnatural posture. Visual imagery is evoked when rotating external objects. Shepard and
Metzler (1971) demonstrated that the time required determining whether two visual objects are
identicalor incongruent increases linearly with the angular discrepancy between the orientations
of the two stimuli (Overney & Blanke, 2009). This effect has also been shown witrahgo

threedimensional objects and alphanumerical figures (Pelgrims, et al.).2009

5.2.2.Laterality of motor and visual imagery

Motor and visual simulations have been proposed to activate the corresponding mechanisms to
action movement and vision. When referring to motor imagery, it has been consistently shown to
activate the frontgoarietal motor network involving neural mechanisms underlying actual
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movement execution (Fogassi & Luppino, 2005; Rizzolatti & Craighero, 2004). Visual imagery
on the other hand appears to activate the panietpital visual perception network (Kosslgh
al., 1998; Zacks, Vettel, & Michelon, 2003a; de Lange, Hagoort, & Toni, 2005). A common

region of activation in both these imagery tasks is the posterior parietal cortex (PPC).

Of particular interest to this study, is the suggestion that motor imagekgs greater activation

of the left than the right parietal cortéx;addition to the involvement of the left IRluring object
manipulation perceptioas confirmed in Study 2 of this thesis, a left hemisphere bias for motor
imagery appearpredominantl in mental rotation tasks (Haadd et al., 2004; Johnséiney et
al.,2005; Muhlau et al., 2005). From such research it has been argued that the ability to mentally
rotate body parts may be functionally separate from the ability to rotate external .objEgts
proposal supports the findings obtained in Study 2 of this thesis, wh#redalinhibitory
stimulationof the left IPLreduced performance during object manipulation perception (Chapter
3).

Neuroimaging research supporting this pattern has stivatrwhen participants are required to
mentally rotate body parts, increased activity is mostly found in the left hemisphere and parietal
lobe (Bonda, Petrides, Frey, & Evans, 1995). This was also confirmed avemtrelated
potentialmapping study on nmtal transformation of body parts (Overney, Michel, Harris, &
Pegna, 2005; Overney & Blanke, 2009). When directly comparing mental rotation of external
objects and body parts, Kosslyn and colleagues (1998) found bilateral activation in the parietal
lobes br threedimensional cubes and purely left hemispheric activation for hands, including the
precentral gyrus, premotor area, inferior and superior parietal lobe, insula, and superior frontal
cortex. This is consistent with the established dominance oéfthledmisphere in motor control
(Sabate, Thimm, Hesse, Kust, Harbe, & Frink 2004).

Conversely, the classical view of visual imagery is that visuospatial information is processed
predominantly in the right posterior parietal cortex (Corballis, 1997; [2bal, 2000; Tomasino

et al., 2003; Zacks, Gilliam, and Ojemann 2003a; Zacks et al.,, 2003b). Exclusive right
hemisphere involvement has been found when rotating alphanumeric characters and objects,
including activation of the right superior parietal esr{Pegna et al., 1997; Harris et al., 2000;
Harris & Miniussi, 2003; Jordan, Heinze, Lutze, Kanowski, & Jancke, 2001; Vingerhoets et al.,
2001; Zacks et al., 2003b).

However, some research has shown contradictory evidence, with left hemispheric bias for
alphanumeric characters (Alivisatos and Petrides, 1997; Vingerhoets et al., 2001), or bilateral

activity in both intraparietal regions for similar stimutgrpenterGeorgopouls, & Pellizzer
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1999 Cohen et al., 1996). Such research suggestbdttatwo hemispheres magontribute to

the mental rotation of visual stimuli (Mellet, Petit, Mazoyer, Denis, & Tzourio, 1998; Jordan et
al., 2001; Feredoes and Sachdev, 2006). A recent study by Pelgrims and colleagues (2009)
investigated these inconsistencigsstimulating the supramarginalis gyrus and superior parietal
lobule (considered important for motor and visual imagery respectively) using repetitive
transcranial magnetic stimulation (rTMS). When completing the hand laterality task, rTMS
equally affectedperformance when applied to either hemisphere irrespective of the hand
displayed (left or right)Furthermore, they found identical deficits in visual imagery regardless

of whether the right or left hemisphere was being stimulated. Therefore, it wastsugtieat

there is not a hemispheric bias for visual or motor imagery.

The body of evidence exploring dissociable activations in visual and motor imagery through
mental rotation have yielded inconsistent results. However, although activation has leen fou
unilaterally or bilaterally in these tasks, neuroimaging cannot confirm which brain regions are
critical during these processes and which may play a supportive role in mental rotation.
Specifically, it may be that motor imagery recruits both the spatidlmotor processes in order

to successfully mentally rotate boeggrts, or that right hemisphere spatial processing during
motor imagery is supplementary. Evidence from neuropsychology or neuromodulation studies
give a direct indication of how performanchanges when either the left or right hemisphere has

been compromised.

Neuropsychological evidence further supports the argument for hemispheric laterality of motor
and visual imagery, with patients presenting double dissociations in their abilitgucately

rotate objects or body parts (Sirigual.,1996; Sirigu & Duhamel, 2001). For example, Tomasino
and colleagues (20@B8found that patient MT, with frontemporeparietal damage, showed a
selective deficit in mentally rotating hands when debeimy hand laterality. MT however was

able to mentally rotate thretmensional external objects. Overney and Blanke (2009) found
similar behaviour in a patient with left posterior parietal brain damage implicating the IPL, whose
deficit predominated for iptures of right arms and an inability to distinguish between
anatomically possible and impossible arm positions. This behaviour contrasts that of patient JB
who showed impaired mental rotation of thokmensional external objects but maintained motor

imagery ability (Sirigu & Duhamel, 2001).

Posterior right hemisphere brailamaged patients have also shown impairment in mental rotation
of external objects, however some of which were not tested on rotation of body parts (Bricolo,
Shallice, Priftis, & Merghello, 2000; Ditunno & Mann, 1990). When directly comparing the

ability of unilateral right or left hemisphere bradlamaged patients to mentally rotate hands or
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objects, Tomasino et al. (2083also found a double dissociation. They found a consisédiaitd

in hand laterality discrimination in left hemisphere damaged patients, and maintained mental
rotation of external objects. Conversely, right hemisphere patients showed the opposite effect
(Rumiati, Tomasino, Vorano, Umilta, & De Luca, 2001). Frorchstesearch it was inferred that

a functional double dissociation exists between rotation of body parts (i.e. motor imagery) and of
external objects (visual imagery) that seem to reflect complementary specialisations of the

opposite hemispheres.

5.2.3.Current studies

Using transcranial direct current stimulation (tDCS) as a heuromodulatory technigue to condition
the parietal cortex, the aim of the following studies was to shed light on the proposed left
lateralisation of motor imagery. Using a classictcast between visual (object) and motor (hand)
mental rotation tasks, Experiment 1 explored the modulatory effects of parietalcdinesit
VWLPXODWLRQ RQ SDUWLFLSDQWVY UHDFWLRQ WLPHV DQG
cortices were mdulated by inhibiting the one while exciting the other and vice v&ased on

the theory of hemispheric rivalry first described by Kinsbourne (1977), the parietal lobes compete
to orient attention to the contralateral hemisphere. Similarly to moduldimgnterparietal
balance of attention, bilateral parietal electrode placement may disturb the balance between the
left and right hemispheres.aBed on inconsistencies in the purported effects of t&x@Sthe

weak stimulation effects found in Chapter 3idg object manipulation perceptioBxperiment

2 explored the efficacy of direcurrent stimulation in mental rotation tasks using three different
electrode montages: a repeat of the cathirdhbitory and anodagxcitatory stimulation of the

left and fght parietal cortices but with adapted control visual imagery stimuli, unilateral parietal
cathodalinhibitory with contralateral neutrally placed frontal anodal reference, and unilateral
parietal anodaéxcitatory with contralateral neutrally placed fraincathodal referencelhis

aimed to shed light on both the nature of the laterality effects found in Experiment 1 and to further
establish the appropriate tDCS protocol when examining cognitive laterality tasks involving the

parietal cortex.

As outling in the methodology section of the general introduction of this thesis, tDCS alters
neurons resting membrane potentaiodalexcitatory stimulation causes neurdaglepolarie

and cathodainhibitory stimulationcauses thento hyperpolaris. Behaviourdly these changes

are reflected in an increase of performance in the former and decrease in performance for the
latter (Nitsche et al., 2008; Nitsche & Paulus, 20Hbwever evidence suggests thatimulation

effects can vary depending on the electrodatageused.
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A key issue coming to light is thahea effect of tDCS on behaviour can vary considerably
depending on where the electrodes are placed on the head. Although-exuitdédry and
cathodalinhibitory effects have been found fairly robustly énperiments looking at motor
functions (for example Stagg et al., 2009), these effects have not been consistently replicated in
cognitive studiesJacobson and colleagues (2012) expldiesl discrepancies between tDCS
effects on motor and cognitive taskaihd that achieving stimulation effects in cognitive tasks
was highly variable. In particular, the review suggested that excitatory effects were achieved
considerably more during cognitive tasks compared to inhibitory effects. As application of tDCS
during cognitive tasks involving parietal regions are in their infancy, it is important to explore

this issue.

Another concern when applying tDCS is the distance between electrodes. When tDCS is applied,
two electrodes are placed on the scalp and the divecnt run from cathode to anode. Classic
electrode placement involves one electrode being placed over the cortical area of interest whilst
the other acts as a reference over a distant, neutral site (see Feurra et al., 2011 for example).
Alternatively, in ecent studies both electrodes have been placed bilaterally over areas of interest
(for example see Sparing et al., 2009). However, by placing the electrodes bilaterally, there is
LQFUHDVHG ULVN RI WKH GLUHFW FXUUH @ial.2008X @WhHeQJ” :D
words, if the electrodes are close together, the current may run shallowly through the scalp rather
than penetrating the cortical areas of interest. This can result in a reduction or absence of
stimulation effects on task perfornwm Further, unilateral or bilateral electrode placement alters

the direction of current flow, which have also been shown to alter the effect of stimulation (for
reviews see Nitsche et al., 2008; Nitsche & Paulus, 2011).

Together, Experiment 1 andeXpored themotor imageryaterality debate using different tDCS
protocols.Given that motor imagery has shown left lateralised or bilateral activity, tDCS was
applied during mental rotation of hands to confirm whetmer orboth hemispheres are critical.

As a control condition, the effect of tDCS on visual imagery was examined using an object mental
rotation taskBased on the classic assumptions regarding the polarity effects of tDCS, it was
hypothesised that due to the established evidence, right padétaldalinhibitory stimulation

would reduce task performance during object mental rotation. If however mental rotation of hands
differs from objects different tDCS effects were anticipated; if motor imagery is left hemisphere
dominant, cathodahhibitory stimulation over the left parietal cortex would reduce task

performance during the hand mental rotation task.
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5.3. Experiment 1: Laterality of motor and visual imagery using cathodalinhibitory and

anodal-excitatory stimulation of the left and right parietal cortices.

5.3.1. Method

Experiment 1 of this study explored the proposal that internal movement representations are left
lateralised. Using classic mental rotation tasks shown to be reliant on motor inBBgeda et

al., 1995; Kosslyn et al., 1998verney et al., 2005and disturbed after left hemisphere damage
(Sirigu et al., 1996; Sirigu & Duhamel, 2001; Tomasino et al., 2008masino et al., 2003b;
Overney & Blanke, 2009stimulation was applied to both the left and right parietal cortices by
inhibiting one while exciting the other and vice velsacorrespondence with the mild effects of
left IPL cathodainhibitory stimulation reducing performance during object manipulation
judgements (also reliant on motor imagery) observed in Study Zsdh#sis (Chapter 3it,was
anticipated that left parietal cathodahibitory and right parietal anodakcitatory stimulation
would also reduce performance in the hand mental rotationtasgotentially with greater effect
due to the modulation ohé interhemispheric balance

Design.A within-subject repeatetheasures design was used with three independent variables:
Task (hand/object mental rotation), Stimulation Protocol (left parietal cativddhitory & right

parietal anodaéxcitatory, leftparietal anodaéxcitatory & right parietal cathodathibitory/

VKDP DQG 5RWDWLRQ '"LITLFXOW\ 5DQN for correct re3ppsésL FL S D

(RT) and response accuracy (%) were measured.

Participants.An opportunity sample of 20 garipants was recruitedage22.2 £ 5.8, 13 female).

All participants were right handed (laterality quotient 88.33) in accordance with the revised
Edinburgh Handedness Inventory (Oldfield, 1971; Cohen, 2008). Participants gave informed
consent and receidea healthscreening questionnaire based on Rossi, Hallett, and Rossini (2011)

to confirm their eligibility for tDCS stimulation. As compensation for their time, participants were
JLYHQ PRQH\ RU ZHUH RITHUHG FRXUVH SRprQ@whnm& Yhied UW R
participants were excluded from the final analyses; two achieved an average accuracy <70%, and

one did not follow the experimental procedure correctly.

Apparatus and Materialg ranscraniatlirect current stimulation (tDCS) was appliadidg both

tasks using a battery driven stimulator (Magstim, UK). Stimulation was applied to the scalp
through 25crhelectrodes inserted into saline soaked sponges, totalling 0.06mA intensity, which
is within the safety limits for healthy volunteers (Nhecet al., 2003). To minimise cutaneous

sensation, the stimulation current was increased gradually to the desired intensity by ramping up
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the current for 10 seconds; total stimulation duration per participant was approximately 20
mInUtES Mminute518.3 i 43)

Electrodes were placed over both the left and right parietal cortices and oriented to run parallel to
the central sulci in accordance with the international 10/20 system for electrode placement. Based
on previous literature, the centre of each eteldrwas placed approximately over the inferior
parietal lobes (IPL); the centre of each electrode was positioned between P3 and CP3, and P4 and
CP4 (based on electrode placement from Harris and Minuissi, 2003). Over three sessions
participants received &ier cathodainhibitory stimulation over the left parietal cortex and
anodalexcitatory over the right parietal cortex (LPc/RPa), cathodabitory stimulation over

the right parietal cortex and anedgcitatory over the left parietal cortex (LPa/RPa)sbam
stimulation. During sham the electrodes were placed on the head and stimulation was turned on
for 30 seconds so that the participant could feel the initial stimulation sensation. The stimulator
was then switched off before the tasks began. Inclutimgham condition, participants took part

in three separate testing sessions. To minimise possible carry over effects of tDCS, each session
took place on separate days at least two days apatrt.

Stimuli. Stimuli were presented using®ime (Psychology Stware Tools, Pittsburgh, PA) on a
19%inch computer monitor (1280 x1024 pixels) at a viewing distance of 6Bcthe hand mental

rotation task, a depiction of a single hand was presented in the centre of the screen and participants
indicated through buth presses whether a left or right hand was displayed. Stimuli consisted of
drawn hands taken from Parsons (1994) presented from four viewing angles: back and palm of
the hand, side from thumb, and side from fifth finger. Each viewing angle was prespratyg e

with left and right hands.

During the object mental rotation task, participants were presented with four different three
dimensional (3D) objects created from 10 cubes, based on Vandenberg and Kuse (1978) drawings
and modified by Peters et al (B)90n each trial, two 3D objects were presented simultaneously;

on the left of the screen the object was presented in the upright position (target object), whereas
the object on the right (rotated object) was presented in eight different orientationsateat on

the x or z axes. The object on the right was either the same as the object on the left or a vertical
mirror image. Both hand and object stimuli were presented upright (O degrees), and rotated
clockwise by 45, 90, 135, 180, 225, 270, 315 degy(seerigure5.31 for examples of stimuli

and stimulus presentation).

Procedure Participants attended three sessions where both the hand and object mental rotation

tasks were completed whilst one of the stimulation protocols was applied. At the bggphni
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each session, participants were given a verbal instruction of the testing procedure before the tDCS
stimulation was applied to the scalp and participants were given a few seconds to get used to the
sensation. Stimulation remained online whilst paréints completed both hand and object mental
rotation tasks. During testing, participants rested their head in a chin rest and each task began with
another written instruction emphasising quick but accurate responses. On screen, individual trials
consistedof a central fixation cross for 500ms prior to the task stimuli. Once the task stimuli
appeared on the screen participants had an unlimited time to respond. Responses were recorded
using the keyboard number pad; using the left index finger, participdhts Y VHG p § ZKHQ D
KDQG RU uy6DPHYT REMHFW ZDV SUHVHQWHG DQG XVLQJ WK
ZKHQ WKH p5LJKWY KDQG RU pOLUURUHGYTY REMHFW ZDV SUH?
their fists apart from the index fijlers to ensure they could not use their hands as visual cues when
completing the hand mental rotation task. It was also emphasised that participants should not
move their head or hands to aid mental rotation.

The hand mental rotation task consisted oftti@0s; participants observed all stimulus conditions

for the back and palm of the hand three times, and all stimulus conditions for the side from thumb
and side from fifth finger twice. The object mental rotation task consisted of 128 trials where each
stimulus condition was presented once. Each task had a short break in the middle. Once the tasks
were completed, stimulation was switched off. Session two and three followed the same
procedure with the alternate stimulation protocol. Stimulation protocbpeesentation order of

each mental rotation task was counterbalanced across participants -Rselmisation of trials

ensured the same stimuli were not presented consecutively.

Figure5.31. Hand and object stimuli for Experiment 1 of Study 4.
(A) Example of hand and 3D object stimuli used for each task. (B) Time course of stimulus

presentation.

Data AnalysisThreeway repeateaneasures analyses of variance (ANOVA) were run to explore
the data. To account for the stimuli being presented in seviexsing positions (for example,
EDFN DQG SDOP RI WKH KDQG ERWK KDQG DQG REMHFW VYV
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the orientation of each object was ranked linearly on the difficulty of mental rotation from one
(easiest) to four (hardest)oiFexample, with regard to biomechanical constraints, rotating a hand
SUHVHQWHG SDOP IDFLQJ DW GHJUHHV LV PXFK HDVLHU
WKXPEY DW GHJUHHV 7KH UDQNV ZHUH HVWDEOLVKHG E
the RTs of participants in a pilot study (ranking is detailedrable 5.31). The effect of
Stimulation and Rank (1,2,3,4) on reaction time (RT) and accuracy were explored for each mental
rotation task. During reaction time (RT) data analyses, inacduteand RTs greater than three
standard deviations from the mean were excluded. Where spheavi#tynot assumed, the
Greenhous&eisser correction was used, and a Bonferonni adjustment was applied for multiple
comparisons. Significance was defined védthalpha level below .05.

Table 5.31. Ranking of stimuli orientation for Experiment 1 of Study 4.
Orientations for each viewing position of hand and object stimuli for each task organised by

difficulty ranking.
Orientation (degrees)
Difficulty Hand Object
Ranking Left Right 3D V&K
Back Palm 5"Finger Thumb Back Palm 5"Finger Thumb X&2Z
1 0 0 0 0 0 0 0 0 0
2 45,90 45,90 270,315 45,90 45, 270, 270, 315 270, 315 270, 315 45,90,
315 270, 315
3 135, 135, 31545, 90, 22¢ 135 315 90, 225 45,225 45,225 45,225 135, 225
270, 315
4 180, 225 180, 135, 180 180, 135, 180 90, 135, 90, 135, 90, 135, 180
225, 270 225, 270 180 180 180
5.3.2. Results

Effect of stimulation on RTritically, stimulation did not significantly affect RT tiBwulation
(F(2.30=.064,p=.938, ,2=.004), Task x Stimulatior~(; 30=.282,p=.756, »*=.018), Stimulation
X Rank F(3.348502251.053,p=.382, ,?=.066), Task x Stimulation x Rank§ssss07s51.029,
p=.394, ?=.064).

The remaining effects wernot in relation to the modulatory effects of stimulation under
investigation: asignificant main effect was found for Tagka(15)=136.140,p<.001, ,?=.901);
participants were much slower when mentally rotating objeMs3235.521+1236.283)
compared d hands WM=1474.883+484.504). Furthermore a main effect of Rank
(Fa.s46,27.6057116.578,p<.001, ,?=.886) confirmed significant differences in RT across most
ranks <.05); participants were significantly slower with increased mental rotation difficulty

all comparisons except between Rank 3 and Ram=0¢8). Finally, a significant interaction
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Task x Rank F(.045,30.676780.681,p<.001, ,>=.843) was indicated. This interaction was not

explored further as it was not related to the hypotheses.

Effed of stimulation on ecuracy.A non-significant main effect of StimulationF( 30=.176,

p=.840, ?=.012), and interactions Task x Stimulatidf.go=.731, p=.490, ,?>=.046) and
Stimulation x Rank K.714,557157.598, p=.653, ?=.038) were found. bwever a significant
threeway interaction Task x Stimulation x Rarfkgs0=2.411,p=.033, >=.138) was identified.

Two-way interactions were run to explore the significant thwag interaction, each time
including Stimulation x Rank on each task wndually. The interaction Stimulation x Rank was
nonsignificant for the object mental rotation taeo=1.092 p=.373, >=.068), but significant

for the hand mental rotation tadkdso=3.876,p=.002, ,?>=.205). Oneway ANOVAs examined

the effectof stimulation at each difficulty ranking. A negignificant main effect of Stimulation

was found when looking at Rank E{30=1.522,p=.235, ?=.092), Rank 2 R(30~1.124,
p=.338, ,?=.070), and Rank 3F(30~1.413,p=.259, ,°=.086). However, aignificant main

effect of Stimulation was found for Rank 4 {30=3.774, p=.035, ,?=.201); pairwise
comparisons revealed that accuracy was comparable between Sham (88% * 16) and LPc/RPa
(90% + 13),p=.868, and between Sham and LPa/RPc (86% +pt3358 However accuracy

was significantly greater during LPc/RPa compared to LPa/gR012. It was anticipated that
cathodalinhibitory stimulation over the left parietal lobe would inhibit performance so this effect
was unexpectedé€e Figur®.32 for accuncy in both tasks). To establish whether the differences
found between LPc/RPa and LPa/RPc are being driven by facilitation of the left hemisphere or
inhibition of the right hemisphere (and vice versa), it is important to run a unilateral tDCS

protocol.

Referring to the original thremay ANOVA the remaining effects were not in relation to the
modulatory effects of stimulation under investigation. A significant main effect of Task
(Fa15718.344,p=.001, ,>=.550) confirmed that participants were lessurate when mentally
rotating objects NI=87% + 10) compared to handsl£95% + 7). A main effect of Rank
(F1537,23.056729.119,p<.001, ?=.660) indicated that accuracy reduced with increased difficulty

of mental rotation; the difference in accuracy wagificant in all comparisong€.05) except

when comparing accuracy between Rank 3 and Rapk.@g3). Finally a significant interaction

Task x RankF1.sss,2831512.962,p<.001, ,?=.464) was indicated, but not explored as it was not
directly relaed to the hypotheses. As in the case of effects on reaction times, this latter interaction

arises from differences in task difficulty between the two tasks, and is of limited interest.
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Figure 5.32. Responsaccuracy for Experiment 1 of Study 4.

Accuracy (%) for all participants, including standard error bars. Solid lines reflect left parietal
cathodalinhibitory and right parietal anodakcitatory stimulation, dashed lines reflect left
parietal anodaéxcitatory and right parietal cathodahibitory stimulation, and dotted lines
reflect sham stimulation for both hand (triangles) and object (squares) mental rotation tasks. The
asterisk marks the significant differenge=(012) between LPc/RPa and LPa/RPc stimulation

during hand mental rotation.

5.33. Discussiomf Experiment 1

To shed light on the laterality debate of motor imagery, the effect of tDCS on mental rotation of
hands and objects was explored. Across three sessions, electrodes were placed bilaterally over the
parietal cortices, with eitlhecathodalinhibitory stimulation over the left parietal lobe while
anodalexcitatory stimulation was applied to the right parietal lobe (LPc/RPa), aerdghtory
stimulation over the left parietal lobe while catheitddibitory stimulation was appliedver the

right parietal lobe (LPa/RPc), or sham stimulation. It was anticipated that if motor imagery was
left hemisphere dominant, cathodlahibitory stimulation of the left parietal cortex would reduce
reaction time and response accuracy when mentatying hands. As visual imagery is heavily

right lateralised, it was also predicted that cathdaalaibitory stimulation of the right parietal

cortex would reduce reaction time and response accuracy during object mental rotation.
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Exploring the effect oflirectcurrent stimulation on task performance confirmed that cathodal
inhibitory stimulation over the left parietal lobe with anedatitatory stimulation over the right
parietal lobe (LPc/RPa) enhanced response accuracy. Likewise, -aRoialory stinulation
over the left parietal lobe with cathodahibitory stimulation over the right parietal lobe

(LPa/RPc) reduced response accuracy. Reaction times were not affected by stimulation.

Examining performance during hand mental rotation, both tDCS paobtaffected response
accuracy, but neither protocol affected reaction times. The effect of tDCS on response accuracy
manifested when mentally rotating the most difficult hand orientations (Rank 4); response
accuracy was enhanced during cathedhibitory stimulation over the left parietal lobe with
anodalexcitatory stimulation over the right parietal lobe (LPc/RPa) compared to reduced
accuracy during anodaixcitatory stimulation over the left parietal lobe with cathadhibitory
stimulation over theight parietal lobe (LPa/RPc). Based on the implication of the left hemisphere
during motor imagery (Haaland et al., 2004; JohHsa@y et al., 2005; Muhlau et al., 2005), it is
possible that the stimulation effect on performance accuracy was caused lgtionadd the left

parietal cortex. However, these modulatory effects were unexpected, as they did not adhere to the
anticipated polarity effects of anodal and cathodal stimulation (i.e. excitatory and inhibitory
respectively). As described by Jacobson antleagues (2012) the inhibitory effects of left
parietal anodal stimulation and excitatory effects of left parietal cathodal stimulation on task
performance can be explained by the highly variable nature of tDCS during cognitive tasks.
Depending on theutation and amplitude of stimulation, the anode and cathode have been shown
to have the opposite polarity effects. Consequently, left parietal anodal stimulation may reduce
accuracy during motor mental rotation and left parietal cathodal stimulation npEgvien

accuracy.

Instead, it is also possible that the stimulation applied to the right hemisphere is driving the effect.
As the current electrode montage does not allow the source of the stimulation effects to be teased
apart (i.e. whether performanceatiyes are driven by inhibition of the left hemisphere or
excitation of the right hemisphere), a unilateral stimulation protocol was explored in Experiment

2; the targetlectrode was applied to the left or right parietal cortex whileatezenceslectroce

was placed over i@eutralfrontal reference site. That said it is important to note that task accuracy
during both stimulation protoc®lwere comparable to sham. Therefore it is likely that both
protocols were having mild effects on task performancechviiere only markedly different

when compared to each other as opposed to compared to baseline performance. This suggests that
motor mental rotation may rely on both motor and spatial processes from the left and right parietal

cortices (Vingerhoets, de Lga, Vandemaele, Deblaere, & Achten, 2002).
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The marginaland somewhat unpredictesimulation effects on behaviour may be due to the
stimulation sites being too close together. As reported in Wagner and colleagues (2007), there is
D JUHDWHU UIQUN WKHVKREWWULFDO FXUUHQW RYHU WKH
proximity, resulting in minimal stimulation penetrating cortical tissue. If this is the case, the
current may be running over the surface scalp area instead of through the cortical akgions
interest. The effect of shunting is of particular relevance to this task due to the bilateral parietal
placement of electrodes. Specifically, there was a distance of approximately two to three
centimetres between the electrodes, whereas to minimisgéskhef shunting it may be more
appropriate to separate electrodes by approximately eight centimetres (Wagner et al., 2007). As
the current study was exploring the role of parietal regions in motor and visual imagery with
bilateral stimulation, it was ngiossible to extend the distance between electrodesulo to

reach the desirable separation between the electrodes.

Taking this into account, it cannot be determined whether one stimulation protocol was more
effective than the other, given that performawluring both protocols were comparable to sham.
Likewise, due to bilateral tDCS electrode placement, it is uncertain whether accuracy was affected
by modulation of the left or right parietal cortex. In other words, accuracy may have improved
during leftparietal cathodaihhibitory and right parietal anodakcitatory stimulation either due

to the effects of the cathode on the left hemisphere, the effects of the anode on the right
hemisphere, or a relationship between both left and right parietal sionuliae. modulating the
balance between parietal cortices). This also applies to the reduced performance found during left
parietal anodaéxcitatory and right parietal cathodahibitory stimulation. Nevertheless, it can

be concluded that placing theeetrodes bilaterally over both parietal cortices may modulate

performance accuracy during motor mental rotation tasks.

The lack of stimulation effects on reaction time may be due to task difficulty masking the effects
of stimulation. If participants weresponding slowly overall, it would be difficult to detect subtle
changes in reaction time due to stimulation. Further, if participants try to maintain their response
speed in more difficult trials, it might result in spemtturacy tradeff compromising
performance accuracy as opposed to speed. However this is speculative. Task difficulty may also
explain why neither stimulation protocol (right parietal cathedhaibitory with left parietal
anodalexcitatory or right parietal anodeakcitatory with left parietal cathodahhibitory)
affected performance during the visual imagery control task, object mental rotation. Based on
results indicating that object mental rotation is right lateralised (Corballis, 1997; Bricolo et al.,
2000; Dong et al., 2000; Runtiat al., 2001; Tomasino et al., 2@3J omasino et al., 2003b;
Zacks et al., 2003a; Zacks et al., 2003b), it was anticipated that modulation of the right parietal

cortex using tDCS would affect reaction time or accuracy performance during this taskighlth
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observable stimulation effects are expected when stimuli are presented in their most difficult
orientations, reaction times during object mental rotation were considerably longer than hand
mental rotation; on average participants took approximatebetko five seconds to respond
during object mental rotation compared to one and a half seconds when rotating hands. It is
possible that participants are taking too long for the subtle stimulation effects to be observed.
Likewise, the average accuracy digriobject mental rotation was approximately eight percent
less than hand mental rotation. It may therefore be necessary to reduce task difficulty in order to

confirm whether stimulation is affecting object mental rotation performance.

Based on the pointisted above, it is important to explore the efficacy of obtaining a robust effect
of directcurrent stimulation during cognitive tasks exploring motor and visual imagery.
Experiment 2 used different electrode montages to establish the optimum tDC tipptic
produce modulatory effects and to shed light on uncertainties highlighted in Experiment 1. In
particular, given the unexpected effects of cathadabitory and anoda¢xcitatory stimulation

in Experiment 1, the use of different electrode mordageuld indicate whether performance
differences found here are driven by facilitation of the left hemisphere or inhibition of the right
hemisphere (and vice versa). The stimuli used in the object menstion task were also

changed.

5.4. Experiment 2:Exploring the efficacy of parietal tDCS in an imagery laterality task.

5.4.1.Method

Experiment 2 explored the efficacy of direttrrent stimulation during mental rotation tasks
using three different electrode montages. Given the unexpected effectspafriefal cathodal
inhibitory with right parietal anodaxcitatory stimulation having enhancing effects on task
accuracy during hand mental rotatiand the mild effects of tDCS on object manipulation
perception in Study 2his experiment hoped to shieglther insight into the nature of the laterality
effects found in Experiment 1. Further, it was hoped that an appropriate tDCS protocol could be
established when examining cognitive laterality tasks implicating parietal regions. Assuming the
classic polaty effects of tDCS, if motor imagery is left lateralised it was expected that cathodal
inhibitory stimulation of the left parietal cortex would reduce performance during hand mental

rotation when one or more of the different electrode montages are applied

Participants. A further opportunity sample of 3Mgge 21.5 + 8.0, 21 female) rigitanded
participants (laterality quotient 76.93) was recruited using the same screening procedures as
Experiment 1. Participants were divided into three separate stildiegxplored a specific

electrode montage. Over two sessions, one participant group reteévdilateral electrode
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montage used in Experiment 1 but increasing the separation between the electrodes on each
hemisphere to minimise the risk of shuntinggthodatinhibitory and anodaéxcitatory
stimulation of the left and righparietal corticeqN=10). The other two groups received a
unilateral stimulation protocol: ongarticipant group received parietal catheidiibitory and
contralateral frontal anotlexcitatory stimulation=13), and a final participant group received
parietal anodaéxcitatory and contralateral frontal cathoddiibitory stimulation N=10). Each

group was analysed separately. Four participants were excluded from the final afa@lyses

achieving an average accuracy <70%.

Stimuli, design, and procedur@lith the following exceptions, all aspects of the stimuli, design,

and procedure were identical to those in Experiment 1. The sham condition was removed and a
baseline condition watroduced prior to the main test block. During baseline participants
completed each task without stimulation. This would increase the likelihood that participants are
at optimum performance before stimulation is applied, reducing the risk of learneayseff
masking any effeadf tDCS.The baseline block contained 12 practice trials and 40 experimental
trials. After baseline, stimulation was then applied whilst participants completed the main test
block for both tasks. Results for RT (ms) and accuracyw@sg analysed in the same way as

Experiment 1 using Ranks.

Figure 5.4.1 Example of the 2D lamp box stimuli in Experiment 2 of Study 4

As RTs in the object mental rotation task were much slower than the hand mental rotation task,
the object stimulivere changed to stimuli that more appropriately matched the hand task. Instead

of the 3D objects by Peters et al. (1995), participants were required to mentally rotate a two
GLPHQVLRQDO ' Qe S4.Har pkamylel stimuli) Consistent wit the hand

stimuli, the lamp box was asymmetrical; the lamp had a light switch on one side in the same way
that a hand has a thumb on one side. Unlike 3D objects, the lamp box therefore acts as a more
comparable condition. After fixation a single lamp bappeared on screen and participants
LQGLFDWHG ZKHWKHU WKH ODPS ER[TV OLJKW VthéMhipK ZDV |
ER[ ZzDV IDFLQJ IRUZDUG 3DUWLFLSDQWY SUHVVHG p T ZLW
was ontherighta® p 1 ZLWK WKHLU OHIW LQGH[ ILQJHU LI WKH OL
box was presented from a front and back position, and rotated clockwise from upright (O degrees)

in 45 degree increments, totalling eight orientations in each position. &idest for the lamp
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stimuli were ranked as describedTiable 5.41. This task consisted of 96 trials where each

stimulus condition was presented three times and had a short break in the middle.

Table 5.4 1. Ranking of stimuli orientation for Experiment 2 of Study 4.
Orientations for each viewing position of hand and lamp box object stimuli for each task

organised by difficulty ranking.

Orientation (degrees)

. Hand Object
Difficulty )
Ranking Left Right 2D Lamp Box
5th 5th
Back Palm Finger Thumb Back Pam Finger Thumb  Front & Back
1 0 0 0 0 0 0 0 0 0
2 45,90 45,90 270,315 45,90 45, 270, 270, 315 270, 315 270,315 45, 90, 270,
315 315
3 135, 135,315 45,90, 135,315 90,225 45,225 45,225 45,225 135, 225
270, 315 225
4 180,225 180, 135,180 180, 135, 180 90, 135, 90, 135, 90, 135, 180
225, 270 225, 270 180 180 180

i.  Cathodalinhibitory and anodaéxcitatory stimulation of the left and rigigarietal
cortices(N=10, 8 female).

Similarly to Experiment 1, the electrodes were plactatdyially approximately over the IPL. To

reduce the risk of shunting the centre of each electrode was placed between CP6 and P4, and CP5
and P3 (instead of CP4 and P4, CP3 and P3 used previously), extending the distance between the
electrodes to®&cm. Ths was the furthest distance that the electrodes could be extended when

stimulating the IPLin two separate sessions: receiving either LPc/RR&afRPc stimulation.

i.  Unilateral parietal cathoda@hhibitory and frontal anodadxcitatory reference stimulati
(N=13, 6 female).

Due to shunting remaining a risk with bilateral electrode placement, a more classic electrode
montage was explored. Participants received parietal cathddaitory stimulation whilst the
anodeexcitatory electrode was placed ovée tcontralateral supraorbital ridge, as a neutral
reference site (Nitsche et al., 2008). The centre of the parietal electrode was placed between P3
DQG &3 DQG 3 DQG &3 LQ DFFRUGDQFH ZLWK +DUULYV (
placement. Over twaessions, participants received left parietal catolibitory and right

frontal anodeexcitatory stimulation (LPc/RFa), and right parietal cathimdhbitory and left

frontal anodesxcitatory stimulation (RPc/LFa).

iii. Unilateral parietal anodadxcitatoly and frontal cathodahhibitory reference stimulation
(N=10, 7 female).
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A final electrode montage explored the effect of anedaltatory parietal stimulation whilst the
cathodeinhibitory electrode was placed over the contralateral supraorbital aiigereference

site. Excitatory stimulation over the left and right hemisphere was used to investigate the
possibility that there is an increased likelihood of getting excitatory effects of stimulation on
cognitive tasks opposed to inhibitory effects (deom et al., 2012). Over two sessions,
participants received left parietal aneelcitatory and right frontal cathodehibitory
stimulation (LPa/RFc), and right parietal anadeitatory and left frontal cathodehibitory
stimulation (RPa/LFc)

5.4.2. Reults

i.  Cathodalinhibitory and anodaéxcitatory stimulation of the left and rigigarietal

cortices.

Effect of stimulation on R nonsignificant main effect of Stimulatior(1,9=1.060,p=.330,
p>=.105), and interactions Task x Stimulatiéip 6=.068,p=.800, ,?>=.008), Stimulation x Rank

(F(2.0339.18.20571.441,p=.262, ,?>=.138, and Task x Stimulation x Ra(f1.316,11.8457.017,p=.943,
»>=.002) suggest that stimulation was not having an effect on RFige® 5.4.3or RT graph)

A main dfect of Rank F1.217,10055510.114p=.007, ,>=.529) confirmed that RTs increased when
more mental rotation was required; RTs significantly decreased from Rank ptd2€§) and
Rank 2 and 3p=.006) but were otherwise comparalge.05). A significant main effect of Task
(Fae75.128, p=.049, =.363) indicated that participants were significantly slower when
mentally rotating handdM=1160.743 + 167.210) compared to objetMs988.905 + 182.405).

Effect of stimulation oaccuracy.Stimulation dd not have a main effect on accura€y §=.229,
p=.643, ,?=.025) and the effect of stimulation did not differ between tasks: Task x Stimulation
(Faem2.342,p=.160, ?=.207), Task x Stimulation x Rank.7=1.111,p=.362, ,>=.110).
However, a gnificant interaction Stimulation x Rank was identifigés67=3.190, p=.040,
p2=.262).

Post hoc analyses exploring the Stimulation x Rank interaction revealedsiggniitant main
effect of Stimulation for each Rank individually { F Oy tthhtlit s not the case that the
effect of stimulation manifests in the most difficult ranks. The Stimulation x Rank interaction

appears to be driven by a complex interplay between rank order changes under the different
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stimulation protocols in both tks equally, as has been illustratedrigure5.4.2However this is

not related to the research questions and is not further explored.
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Figure 5.4.2 Response accuracy for LPc/RPa and LPa/RPc for Experiment 2 of Study 4.
Response accuracy (%) duringftlgarietal cathodainhibitory and right parietal anodal
excitatory stimulation (and vice versa) for all participants, including standard error bars. Solid
lines reflect left parietal cathodal and right parietal anodal stimulation, and dashed lings reflec
left parietal anodal and right parietal cathodal stimulation for both hand (triangles) and object

(squares) mental rotation tasks.

Referring to the original threway ANOVA, the remaining effects were not in relation to the
modulatory effects of stimufi@n under investigation. A nesignificant main effect of Task
(Fae~=1.089,p=.324, ,?=.108) was found. Design related task difficulty generated a significant
main effect of Rank K.7741598715.669, p<.001, , =.635). The interaction Task x Rank
(F(1.351,12.157)=4.403=.012, ,?=.328) was also found, however as it was not direetbted

to the hypotheses it was not explorégyure 5.4.2 suggests the interaction was caused by the
drop in accuracy when the stimuli are presented in the upright position of the object mental

rotation task.

ii.  Unilateral parietal cathodahhibitory ard frontal anodal reference stimulation.

Effect of stimulation on RTNon-significant main effect of StimulatiorF(,12=1.994,p=.183,
»°=.143), and interactions Task x Stimulatiof§-=.221, p=.647, ,?>=.018) and Task x
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Stimulation x Rank Fgse.219, p=.883, ,°=.018) were found. A significant interaction
Stimulation x Rank K 36=3.569, p=.023, ,?=.229) was explored ¢g Figue 5.4.3for RT

graph).

Post hoc analyses explored Stimulation x Rank by collapsing each task and comparing the effect
of Stimulation on each rank individually. Although the effect of stimulation was not evident on
the easier Rankp ¢ W KH anxeemdtdbeiriven by the effect of stimulation on the
reaction times on the most difficult stimuli (Rank 4) approaching significgoe®%3). This
suggests that performance is affected by dicactent modulation when stimuli were more
difficult to rotate. The means reveal that this effect is evident when parietal lobe processing is
inhibited during the LPc/RFa protocol. Observing RTs, participants were slower during LPc/RFa
(M=1555.050 £ 575.366) compared to RPc/UAx1315.647 + 382.449). These riéstherefore

suggest that performance in both hand and object mental rotation tasks may have been marginally
affected by left parietal cathod@lhibitory stimulation when stimuli were more difficult to rotate.

Referring to the original threway ANOVA on RT, the remaining effects were not in relation to
the modulatory effects of stimulation under investigation. A significant main effect of Task was
revealed F,1277.684,p=.017, ,°>=.390); participants were slower completing the hand mental
rotation sk (M=1294.288 + 180.418) compared to the object mental rotationNa=k028.908
+ 94.2148). A significant main effect was also found for Rafk4{7,16.876734.594,p<.001,
p2=.742); post hoc pairwise comparisons confirmed that RTs significantlyaksn when
required mental rotation increased for all Rank comparigenf%) except between Rank 1 and
Rank 2. Finally a nosignificant interaction Task x Rank { sos 1s.1007.621,p=.505, ,?=.049)
indicated that participants RT behaviour changedlaily in both hand and object mental

rotation tasks.

Effect of stimulation oraccuracy. Threeway ANOVA confirmed norsignificant effects of
stimulation on accuracy: StimulatiorF{12=1.986, p=.184, >=.142), Task x Stimulation
(Fa127.001,p=.974, <.001), Stimulation x Rank~z3s=.181,p=.908, ,?=.015), and Task x
Stimulation x RankK s 36=.567,p=.640, ,?=.045).

The remaining effects were not in relation to the modulatory effects of stimulation under
investigation. A significant main fefct of Task F(1,12=14.618,p=.002, ,?>=.549) confirmed that
participants were more accurate during the hand mental rotation task (93% + 6) compared to the
object mental rotation task (90% + 6). Main effect of Rank was also identified
(Fa.418.17.026722.394, p<.001, ?=.651). Pairwise comparisons indicated that participants were

significantly more accurate when mentally rotating stimuli at difficulty Ranki296% + 4)
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compared to Rank M=84% + 5) and Rank 3M=94% = 6), but comparable compared to IRan

4 (M=91% + 10). Performance also significantly improved from Rank 1 to 2 and 3.

The significant interaction Task x RarK{s00,22.796763.197,p<.001, ,?>=.840) was also found,

but was not explored as it did not directly apply to the hypothesesasdseen in the previous
study, the interaction is likely due to the considerable drop in accuracy when the stimuli are
presented in the upright position of the Object mental rotation késk5% + 4) compared to the
Hand mental rotation taskiE94% + 5).

iii. Unilateral parietal anodaxcitatory and frontal cathodal reference stimulation.

Effect of stimulation on RThe initial threeway ANOVA revealed a nesignificant main effect

of Stimulation F,0=.088,p=.774, ,*>=.010) and nosignificant interactions Task x Stimulation

(Fao=.073,p=.793, ,?>=.008), and Task x Stimulation x Rarfkq>7=1.319,p=.289, ,>=.128).

A significant interaction was however found for Stimulation x RaR (=3.090, p=.044,
p2=.256).

Post hoc analyses of Stimulation x Rank with each task collapsed confirmsnificant main

effects of stimulation on RT for each rank separately (  indicating that RT did not greatly

differ for each rank depending on the stimulation grot applied. When analysing each
stimulation protocol separately however, significant differences were found. For LPa/RFc
(Fa327.11.045726.904, p<.001, ,?=.749) participants RTs significantly slowed linearly with
increased rank. Changes in RT followtbd same pattern in the stimulation condition RPa/LFc
(F.208.10.875718.030,p=.001, ,>=.667), however RTs did not differ significantly between Rank

3 and Rank 4. These results suggest that the interaction may have been driven by the greater RT
differences between Rank 3 and 4 during left parietal excitation compared to the minor changes

in RT between Rank 3 and 4 during right parietal excitationKgpee 5.4.3or RT graph).

The remaining effects the initial threeay ANOVA not in relation to thenodulatory effects of
stimulation under investigation are as follows. A significant main effect of Task+30.336,
p<.001, *=.771) confirmed that participants were slower when mentally rotating hands
(1247.370 = 323.635) versus objects (837.475 + 188.020). A main effect of Rank was also
identified (F(.184,10.606:25.156, p<.001, ?=.737). Pairwise comparisons confirmed ttha
participants RTs significantly increased linearly with increased difficulty of mental rotation for
all comparisons except between Rank 1 angF2.0). The interaction Task x Rarfk{s=6.285,
p=.002, ,?=.411) was also significant, however this was explored as it was not relevant to

the hypotheses.
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Effect of stimulation on accuracio significant effect of stimulation was found on accuracy:
Stimulation F1,0~.318,p=.587, ,?>=.034), Task x StimulationF ¢=.060,p=.812, ,>=.007),
Stimulaton x Rank E@327=1.978,p=.141, ,°=.180), Task x Stimulation x Rank;=1.477,
p=.243, 2=.141).

The remaining effects were not in relation to the modulatory effects of stimulation under
investigation: the main effect Task{¢=3.735,p=.644, ,°=.067) and interaction Task x Rank
(Fa.as11152672.159,p=.166, ,?=.213) were nossignificant. A significant main effect of Rank
(Fe27711.701,p<.001, ,?=.565) was identified. Pairwise comparisons confirmed that accuracy
significantly improved wien comparing Rank M=81% =+ 7) to Rank 2Y=93% + 7) and Rank

3 (M=86% =+ 9), and between Rank 2 and Rank2§3% + 15).
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Figure 5.4.3 Reaction times for eadlectrode montagie Experiment 2 of Study 4.

RTs (ms) for all participants, includirstandard error bars. RTs are displayed at each rank during each stimulation session. Triangles reflect performaraseldugntaH
rotation and Squares reflect performance during Object mental rotation. (Left) Solid lines = Left Parietal-o#thotal and Right Parietal anodekcitatory stimulation;
Dashed lines = Right Parietal cathodal & Left Parietal anodal stimulation. (Middle) Solid lines = Left Parietal cath&ightaRtbntal anodal stimulation; Dashed lines =
Right Parietal cathodahd Left Frontal anodal. (Right) Solid lines = Left Parietal anodal & Right Frontal cathodal stimulation; Dashed lingsPafgtdl anodal & Left
Frontal cathodal stimulation. The asterisks mark the post hoc analysigptr@33 between LPc/RFa and &PFa found for Rank 4 further to the significant interaction

Stimulation x Rank.



5.4.3. Discussiomf Experiment 2

By varying the electrode montages applied during tasks thought to evoke motor and visual
imagery, Experiment 2 explored the efficacy ohiaging modulatory effects of tDCS during
cognitive mental rotation tasks. Three protocols were explored on separate participant groups:
cathodalinhibitory and anodaéxcitatory stimulation of the left and rigitarietal cortices
unilateral parietal catidatinhibitory and frontal anodadxcitatory stimulation, and unilateral
parietal anodaéxcitatory and frontal cathodaihibitory stimulation. Modulation effects
achieved by tDCS would also contribute to the laterality debate regarding motor and visual
imagery. It was anticipated that if motor imagery is left lateralised, catiduaitory
stimulation of the left parietal lobe would reduce hand mental rotation performance in one or
more of the different electrode montages. Right parietal catliwldgltory stimulation however

was not expected to affect motor imagery.

Cathodalinhibitory and anodakxcitatory stimulation of the left and rigipiarietal cortices

Taking into account the risk of shunting the electrical current over the scalp (Wagne2@24

the bilateral parietal electrodes were placed further apart to a distance of five to six centimetres
between electrodes compared to two to three centimetres in Experiment 1. This was the maximal
distance attainable whilst stimulating the cortimadas of interest. Comparable to Experiment 1,
results confirmed an interaction between stimulation and rotation difficulty for accuracy but not
reaction times. However stimulation modulated accuracy for both mental rotation tasks as
opposed to the handemtal rotation task alone. Inspecting the differences in accuracy, results
were inconclusive suggesting that performance change was largely driven by task difficulty as
opposed to modulatory effects of stimulation. Although the electrodes were furthertigar
distance remained less than the recommended eight centimetres, indicating that the risk of current
shunting is still present (Wagner et al., 2007). However, given that modulatory effects were
achieved in Experiment 1t could be speculated thabcreasing the distance between the
electrodes implicated different cortical networks to those in Experiment 1, potentially altering the
effect of stimulation on task performance. Therefore using bilateral parietal placement of

electrodes with increased dista is not the appropriate protocol for these tasks.

Unilateral parietal cathodainhibitory stimulation.A more traditional electrode montage was
adopted by placing the catheihibitory electrode over the parietal cortex and the anode
excitatory elettode over the contralateral supraorbital ridge as a reference. This protocol
eliminated the risk of the direcurrent shuntingand allowed examination of left and right
contribution to the effect to be disentangled now that we knew bilateral stimutia@ésnnot in

fact generate enhanced effedtklike the bilateral parietal protocol in Experiment 1, parietal
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cathodalinhibitory stimulation decreased performance. Specifically, when mental rotation was
most difficult (i.e. Rank 4) reaction times were ddesably slower during stimulation of the left
parietal cortex compared to the right. Unexpectedly, this effect occurred for both hand and object

mental rotation tasks.

The results from unilateral parietal cathottdlibitory stimulation over the targeites were
consistent with the characteristic catheidiibitory and anodaéxcitatory polarity effects of
tDCS. These stimulation effects corroborate those found in Study 2, where cétihduitdry
stimulation of the left IPL slowed reaction times duringject manipulation perception.
Conversely, in Experiment 1 of the current stulgyt parietal cathodahhibitory with right
parietal anodaéxcitatory stimulation improved accuracy during hand mental rotation, whereas
left parietal anodagxcitatory wth right parietal cathodahhibitory stimulation reduced accuracy
during this task. The discrepancies in modulatory effects of bilateral parietal electrode placement
observed in Experiment 1 and unilateral left parietal stimulation found here could lte due
differences in current flow. Bilateral application of the electrodes transfers the-airesnt
through parietal regions, modulating the interaction between each hemisphere. According to
.LQVERXUQHTV WKHRU\ RI KH FtbésSddérhipete o dsient &téntion W K H
to the contralateral hemisphere. Application of TMS or tDCS over the left or right parietal lobes
can disturb the interparietal balance of attention (Sparing et al., 2009). Similarly, bilateral parietal
electrode placeménin the current study might disturb the balance between hemispheres.
Contrastingly, placement of one electrode over the parietal cortex and the other frontally over the
contralateral supraorbital ridge transfers the dicectent through frontal and patal regions.
Recent reviews by Nitsche and colleagues (Nitsche et al., 2008; Nitsche & Paulus, 2011) confirm
that the effects of tDCS vary significantly depending on the direction in which the-clineent

is flowing. Therefore the contrasting polariffects found in these experiments are likely because
Experiment 1 is manipulating the interaction between the left and right parietal cortices whereas

in Experiment 2 tDCS is having an isolated effect on the left or right parietal cortex.

However,becase thesham condition during unilateral parietal catheidaibitory stimulation

in Experiment 2was not repeatedt can of course not determine with full certainitpether
reaction times slowed due to left parietal cathéndhibitory stimulation, or whiher reaction

times improved due to right parietal cathetddibitory stimulation.The adjustment of the target
electrode position to avoid shunting meant that the effects of this part of Experiment 2 were not
the same as in Experiment Assuming classi@olarity effects are occurring, these findings
support the proposal that motor imagery is left lateralised (Sirigu et al., 1996; Sirigu & Duhamel,
2001; Tomasino et al., 2003Haaland et al., 2004; Johnsbrey et al., 2005; Muhlau et al.,
2005; Overne¥t al., 2005; Overney & Blanke, 2009), however the role of this hemisphere during
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visual imagery is unexpected. The comparable effect of tDCS on both mental rotation tasks is
consistent with Pelgrims and colleagues (2009) who found that rTMS to the fligitoparietal

cortex affected mental rotation of hands and letters. Importantly, the effects of rTMS on
performance differed depending on the specific region being stimulated; motor mental rotation
was affected by stimulation of the supramarginal gy®I8IG) whereas visual imagery was
affected by stimulation of the superior parietal lobe (SRPLihe current study ihay bepossible

that different forms of imagery are being used in each mental rotation tasthebfiow of
electrode current may be inigatingboth the SMG and SPL

The design of the study was based on the premise that right hemisphere laterality of object mental
rotation is fairly robust. Therefore the inhibitory effects of left parietal cathodal stimulation during
this task were unexpted. Despite the proposed right parietal dominance for visual imagery, left
hemisphere dominance during visual mental rotation has been hinted. Specifically, increased left
parietal activity during mental rotation can depend on the type of the stinseiee (Alivisatos

& Petrides, 1997; Vingerhoets et al., 2001) and also the difficulty of mental rotation.

The isolated effect of left parietal stimulation on object mental rotation could also be attributed
to the use of simplified twdimensional objectS his is particularly evident in research exploring

sex differences in mental rotation; males and females are suggested to rely on different parietal
regions depending on the difficulty of mental rotation. During simple rotation eflitmensional
objectsmales rely on more left than right parietal activation and females more right than left
parietal activation, whereas more complex tigrensional stimuli lead to a comparable right
parietal activation for both males and females (Blake et al., 2002rRRébBell, 2003). Further,

men show activation in the right pariatocipital sulcus, left intraparietal sulcus and left superior
parietal lobe (Jordan et al., 2002). By simplifying the objects from thoesvo-dimensional

stimuli the demand on right patal regions may have been reduced. Therefore, both hemispheres
may equally contribute to mental rotation of visual stimuli, with laterality effects emerging
depending on the difficulty of mental rotation (Mellet et al., 1998; Jordan et al., 2001; é®redo
and Sachdev, 2006). However, it must be noted that the effects of stimulation on mental rotation

were marginal and did not quite reach statistical significance in post hoc analyses.

Overall the current data tentatively confirms that unilateral leftefadrcathodainhibitory
stimulation with a frontal reference electrode impacts on cognitive performance during motor and
visual mental rotation tasksvhich support the results observed in StudylBe modulatory
effects caused by this electrode montagféer from those observed during bilateral parietal

electrode placement in Experiment 1.



Unilateral parietal anodalexcitatory stimulationAs a final condition, the effect of unilateral
parietal anodaéxcitatory stimulation with a cathodal referencermthe contralateral supraorbital
ridge was explored. Based on the results found during unilateral parietal cattnloiabry

tDCS, it was anticipated that anogedcitatory stimulation might have the opposite effect on task
performance; anodal stimulati might enhance performance during mental rotation tasks.
However, results instead indicate that this stimulation protocol had very little effect. Although an
interaction was identified between stimulation protocol and mental rotation difficulty, further
HIDPLQDWLRQ RI SDUWLFLSDQWVY UHDFWLRQ WLPHV LQGLF
by difficulty rather than modulationThis supports the lack of excitatory effects of anodal
stimulation during object manipulation perception in StudyTRerefore, unilateral parietal
anodalexcitatory stimulation is not an appropriate protocol to modulate performance during
motor and visual mental rotation tasksduring object perception

Combined with the results from Study Betlack of observable effts of anodakxcitatory tDCS

during both mental rotation tasks suggests that Jacobson and colleagues (2012) proposal that
facilitatory effects are more likely in cognitive tasks is overly simplistiteast with regards to

the densely connected paridtdies It is possible that the likelihood of achieving either inhibitory

or facilitatory effects of stimulation is task specific rather than dependent on whether the task is

motor or cognitive in nature.

Exploration of the three electrode montages cordidnthat modulatory effects of tDCS on
performance during motor and visual mental rotation tasks are best achieved using unilateral left
parietal cathodahhibitory stimulation with a frontal reference anode. By examining unilateral
electrode montages, thesults from Experiment 2 add insight into the modulatory effects
observed in Experiment 1. Bilateral parietal electrode placement (Experiment 1) affects the
interaction between the two parietal cortices, altering performance accuracy for the hand mental
rotation task in isolation. Unilateral parietal tDCS on the other hand affects the left parietal cortex
in isolation, modulating reaction times during both mental rotation tasks. Both protocols in

Experiment 1 and 2 modulated performance during the mifisuttimental rotation trials.

5.5. General Discussion

5.5.1. Laterality of motor and visual imagery.

Albeit weak, the results from both experiments confirm that motor imagery is left lateratised

line with the findings of Study 1 and Rerformancehen mentally rotating hands was modulated
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by cathodainhibitory and anodaéxcitatory stimulation of the left and rigparietal cortices
(Experiment 1) and unilateral parietal cathemdiibitory stimulation (Experiment 2).
Performance accuracy when m&ly rotating the most difficult handientations was enhanced
during left parietal cathodahhibitory with right parietal anodadxcitatory stimulation, and
reduced during left parietal anoe®icitatory and right parietal cathodahibitory stimulaton.

As accuracy during both stimulation protocols was comparable to sham it is assumed that both
stimulation protocol were having an effect on performance. Contrastingly, unilateral left parietal
cathodalinhibitory stimulation slowed reaction times duimifficult hand mental rotation.
Despitethe effects found for the bilateral parietal electrogmtagdeavingmatters unclear with
regards to a left or right parietal source of motor imagiey unilateral inhibitory effect on the

left parietal lobe ings converging evidence suggesh left lateralisation for motor imagery.

This is consistent witlthe modulatory effects of Study 2, where response times during object
manipulation perception were slowed when cathadabitory stimulation was appliet the left

IPL. Neuroimaging datalso confirmggreater activation in the left parietal cortex during motor
mental rotation (Bonda et al., 1995; Kosslyn et al., 1998; Haaland et al., 2004; J6heys@n

al., 2005; Muhlau et al., 2005; Overney & Blank80Q9) and auropsychological evidence shows

a selective deficit in hand mental rotation when left parietal regions are compromised (Sirigu &
Duhamel, 2001Tomasino et al., 2003apmasino et al., 20@3 Overney & Blanket, 2009).

Although the combinatio of Experiment 1 and 2 points in the direction of the left hemisphere
lateralisation of motor imagery, Experiment 1 in isolation could suggest that the right hemisphere
may be recruited. This is however not at odds with existing res&rphorting neurstimulation

data from Pelgrims and colleagues (2009) confirms that rTMS over the left or right SMG disrupts
hand mental rotation. Notably, the effects of both bilateral parietal electrode montages (left anodal
and right cathodal versus left cathodal agghtianodal tDCS) could be driven by modulation of

the left hemisphere, right hemisphere, or by disruptingiat@yhemispheriénteraction. Based

on these findings, it can be concluded that motor mental rotation is left hemisphere dominant, but

that rightparietal regions may also be recruited.

Unexpectedly, unilateral parietal cathodfatibitory stimulation had the same effect on reaction
time during object mental rotation; reaction times were slower during unilateral left parietal
cathodalinhibitory stimulation compared to right parietal catheuhdibitory stimulation.
Despite a general assumption that visual imagery is right hemisphere dominant (Corballis, 1997;
Pegna et al., 1997; Kosslyn et al., 1998; Tomasino et al. b26G8ris & Miniussi, 20@), the
implication of bilateral or left parietal activation has been identified depending on the type of
stimuli being rotated and task difficulty (Cohen et al., 1996; Alivisatos & Petrides, 1997;
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Carpenter et al., 1999; Vingerhoets et al., 2001; Vingssghet al., 2002; Pelgrims et al., 2009).
These results however confligith neuropsychological data indicating that right parietal damage
disrupts mental rotation of objects (Ditunno & Mann, 1990; Bricolo et al., 2000; Tomasino et al.,
2003). Unlike patent populationsas tDCS modulates the excitability of the stimulated newiron
healthy participants are able to use compensatory mechanisms, interchanging between visual and
motor strategies to complete the task. This is particularly an issue when &#ltegysis being
disrupted by tDCS.

5.5.2.Efficacy of tDCS stimulation during mental rotation tasks.

Observing the results from both experiments in this study, and the results from Study 2 confirming
mild modulatory effects of stimulation during the fitgest block only, ti can be generally
concluded that achieving parietBICS effects on cognitive performance is difficult. Overall, the
most effective electrode montages were bilateral parietal electrode placement used in Experiment
1, and unilateral I¢fparietal cathodal stimulation with a frontal anodal reference in Experiment
2. Both protocol modulated performance during the most difficult mental rotation trials, however
notably each had a different effect on task performance. For the hand menitah rtaisk, left

parietal cathodahhibitory with right parietal anodadxcitatory stimulation enhanced task
accuracy compared to reduced accuracy dudfigparietal anodaéxcitatorywith right parietal
cathodalinhibitory stimulation. Alternatively, raction times during both hand and object mental
rotations were slowed with unilateral left parietal cathodal stimulation. Therefore cathodal
stimulation was found to have both excitatory and inhibitory effects on performance. The
remaining electrode monteg bilateral parietal electrode placement with increassghration
between the electrodeand unilateral parietal ano@ecitatorystimulation with a frontal cathode

reference did not show an effect of stimulation.

Although stimulation effects weredad in two of the four electrode montages, these effects were
very mild. There are several reasons why this may be the case. Exclusively to Experiment 1, as
discussed, the proximity of each electrode increases the likelihood that some of the current is
being shunted over the scalp reducing the intensity of stimulation penetrating the cortical tissue,
thus reducing the effects of tDCS on cognitive function (Wagner et al., 2007; Nitsche et al., 2008).
More generally, the nature of tDCS itself reduces thdiliked of finding observable effects of
stimulation; unlike TMS that directly disrupts the neurons by causing an action potential, tDCS
more subtly increases or decreases neuronal excitability. Consequently, it is possible to
compensate for the modulatogffects of stimulationEvidence of this may be seen in Study 2
where the effect present in the earlier part of stimulation disappeared in the latter part of
stimulation durationSimilarly, if both motor and visual imagery recrigft and rightparietal

regions, the contralateral hemisphere to that being stimulated could compensate for the
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modulatory effects of tDCS. Finally, by measuring reaction time and task accuracy, the effects of
tDCS are highly susceptible to external noise (Jacobson et al., Zadr2gxample, despite
counterbalancing of stimulation protocol and the use of sham and baseline conditions, by testing
participants over multiple testing sessions means that leamangarge influences on the data
patterns In addition, large variance itask performance both within and between participants
may be masking some of the effect of stimulation. Collectively, these points suggest it is possibly
unrealistic to expect more than marginal effects when applying tDCS during similar cognitive

tasks.

Evaluation of each electrode montage across both experiments highlighted key considerations
when targeting parietal regions to assess cognitive functions using tDCS. Jacobson and colleagues
(2012) indicated that it is inappropriate to assume arextdtsory and cathodahhibitory

polarity effects of tDCS, particularly when examining cognitive functions. According to this
review, both the anode and cathode have shown the opposite polarity effects depending on the
duration and intensity of stimulation. Adal stimulation was also considered more likely to
modulate cognitive task performance. The current study supports afictteothis theory;

parietal cathodal stimulation both enhanced and disrupted performance during mental rotation
tasks confirming theariable polarity effects of cathodal stimulation. However, unilateral anodal
parietal stimulation failed to modulate performance on either task suggesting that it is incorrect
to assume excitatory stimulation is more likiaffect cognitive task perfmance. Instead tDCS

effects on performance may be task dependent.

It is also important to consider the direction in which the dicectent is flowing; depending on
where the electrodes are placed on the scalp different effects of tDCS have beeieddentif
(Nitsche et al., 2008; Nitsche & Paulus, 2011). This is particularly important when considering
the location of the reference site, or the use of bilateral or unilateral electrode montages. In this
example, bilateral parietal electrodes isolate theectirover posterior regions of the brain,
whereas parietal and frontal electrode placement implicates posterior and anterior cortical
regions. Each montage not only manipulates the regions of interest but any interactions between
these areas through neuabnetworks. Given the asserted role of both the left and right parietal
cortices in mental rotation tasks, the effect of bilateral tDCS could be attributed to disruption in
the interaction between hemispheres when calling on either motor or visual imagboth.
Conversely, a unilateral electrode montage with a reference site does not affect the relationship
between hemispheres. Therefore it is important to consider the interactions between different

cortical regions when deciding where the electrodegpkaced on the scalp.
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Together, these results confirm that with certain electrode montages tDCS can modulate
performance during mental rotation tasks. Modulation of hand mental rotation performance is
easier to achieve than object mental rotation wherbormance was only affected by unilateral
parietal cathodahhibitory stimulation, but not in the expected right hemisphere. These results
also emphasise the importance of exploring different electrode montages when evaluating the
effect of tDCS duringognitive tasks. Experimental findings and stimulation protocol should be
described in detail, including duration, intensity, electrode positioning and the direction of current

flow.

In conclusion, based on the modulatory effects of tDCS during Expdritnand 2, it can be
confirmed that motor imagery shows left hemisphere dominance during hand mental rotation.
However, the laterality of visual imagery, although intended as a control condition, was less clear.
Firstly, as visual mental rotation was affed by only one of the four electrode montages,
modulation of visual imagery is harder to achieéhough the inclusion of visual imagery in this
study was intended as a robust and relatively well established as a right hemisphere process
Secondly, theeffect of tDCS on object mental rotation appears to largely depend on task
requirements. Moreover, the current data emphasise the difficulties that can be faced when
exploring the effect of tDCS, particularly on cognitive tasks. Specifically, these mqrds
highlight the importance of reporting tDCS stimulation parameters in desdidw studies being
conducted using unilateral parietal or bilateral electrode placement during cognitive mental
rotation tasksthe current study confirms thaticcessfuktimulation effectscan beachieved.
Therefore it is important tbuild on the currenfindings in future researchin order to further

understand how direct current stimulation affects cortical activity.
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Chapter 6

General Discussion

Overall the resultfrom the studies described in this thesis suggest that apraxia may be attributed
to impaired internal movement represemtasi. The selective deficits of aprapiatients not only
appear restricted to the motoric elements of action, but also manifesy diiiled movement
requiring integration of perception for actiorhese behaviours thereby suppb#g notion of an
additional ventredorsal sukstream of the visual pathways model. By integrating causal
techniques from neuropsychology and neuromodurathee results of this thesiésosupport the
integral role of the left IPL in generating and maintaining thaseor representations. In this
general discussion, the findings from each empirical study shall be described. These findings will
then be discssed in relation to the key questions that this thesis set out to answer: whether apraxia
is attributed to impaired internal movement representations (i.e. motor imageny) dhrage

to a purported ventrdorsal stream, and whether these internal movemsgmesentations are
reliant on maintained processing within the left inferior parietal lobe (MPthg.discussion will

be concluded witlpossible future directiorthat can be takefnom these results.

6.1. Simmary

Using a newly devised perceptual tagktudy 1 assessed whether objgst errorsin left
hemisphere stroke patients wétpraxia are restricted to motoric elements of objset A critical
distinction was madbetween motorienanipulation judgements of how objects are grasped for
use (e.ghow a hammer is held) andmmotoric functional semantic judgememthow two
objects are used together (e.g. how a hammer hits alhajlyaxia is attributed to impaired motor
imagery, errors were expected to be restricted to motoric action repagiseist Results
confirmed that apraxic patients made considerably more errors when perceivingbjecid
interactions in the manipulation condition when compared to healteymatched control
participants. Comparable performance between apraxic patsmishealthy agenatched
controls in the semantic screening tasks and functional semantic condition of the experimental
task confirmed that errors in the manipulation condition could not be attributed to semantic or
object processing deficitsA correlation with the severity of apraxia confirmed thpbor
performance in the manipulation conditibat not inthe functional semantic conditiomas
associatedvith more severe apraxia he selective deficit of apraxic patients during object

manipulation perceptmostrongly supports the proposal that apraxia is associated with impaired
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internal representations of movement, or motor imagery, due to disruption to a proposed ventro
dorsal stream. Examining lesion data, approximately half of the patients with agdxtéesions

directly encompassing the left IPL whereas the remaining apraxic patients had lesions involving
RWKHU UHJLRQV RI WKH IURQWRSDULHWDO PRWRU QHWZRI
area, and underlying white matter. Although not diseddmaged in these patients, it remains
possible that the left IPL is indirectly disturbed due to disrupting communication between
different parts of the ventrdorsal pathway. Together, lesion data indicate that internal movement

representations may indgbe reliant on maintained processing within the left IPL.

Study 2 used the relatively novel neuromodulation technique tDCS with healthy participants to
directly assess the role of the left IPL in motor imagery and the vdatsal stream, building on
lesion data from Study 1. Using a modified version of the perceptual task used in the previous
study, two experiments were run with different participant groups to assess the effects of left
parietal cathodaihhibitory or anodakxcitatory stimulation on &k performance. If the left IPL

is critical during motor imagery, modulation of this region should selectively affect manipulation
perception. In Experiment 1, participants received cathioti@itory stimulation over the left

IPL with a frontal referencelectrode. Compared to sham, results confirmed that stimulation
increasedreaction times when participants made object manipulation perceptual decisions.
However, stimulation effects were only present in the first of two test blocks suggesting
participans compensated for stimulation effects over timeseparate participant group in
Experiment 2 confirmed no effects of stimulation during the manipulation condition when-anodal
excitatory stimulation was applied over the left IPL with a frontal refererazdgrete. Neither
cathodalinhibitory nor anodakxcitatory parietal stimulation affected performance during
functional semantic decisions in both experiments. The selective disruption of object
manipulation perception with maintained functional semanticcgmion during cathodal
inhibitory tDCS causally confirms the proposal that internal movement representations are reliant
upon processing in the left IPL adding weight to the lesion data found in Study 1. These results
support the role of the left IPL the integration of perceptual and action processes via a purported
ventradorsal stream that may be disrupted in apraxia. However, the effects of tDCS on

manipulation perception were not robust.

Expanding on data from Study 1 and 2 suggestivag ventrodorsal disruption can impact
manipulation perception for familiar objects, Study 3 examined whether apraxia impacts the
ability to learn skilful manipulation of novel objects. A newly created action execution task
indicated that when repeatedly lifting abdlancing unevenly weighted cylindrical objects, a
majority of apraxic patients failed to incorporate highel visual affordance (visual dot) and

memoryassociated (object colour) cuesweight distribution. Grasp locationere inaccurate
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during repead lifts and when the objects were reintroduced in later trials. A third patient with
apraxia seemed to compensate for these difficulties. Alternatively, grasping behaviour of all
apraxic patients was appropriate when weight distribution was cued bievelvvisual
affordances of the object shape (symmetrical cylinder) suggesting the traditional dorsal stream of
the visual pathways model is intact. Further, apraxic patients who performed poorly in the high
level visual affordance and memeagsociated coiiiions maintained central gragwints
regardless of weight distribution, indicating that preserved dorsal processinpiasagrasp
choice towards those/ LVXDOO\ DIIRUGHG E\ WKH REMHFWYV VKDSH
stroke patients without apraxiand healthy agenatched control participants successfully
incorporated lowevel visual affordance, higlevel visual affordance, and memeagsociated

cues of weight distribution during repeated grasps and when the abgeetseintroduced in later

ted blocks Together, these results indicate that vewimosal disruption can impair the use of
familiar objects, but also predict that apraxia is associated with difficulty learning to skilfully
manipulate new objects when ldavel visual affordance cue® not correspond to appropriate
functional grasps.

Based on the accumulated findings from the previous studies suggesting that thelmesatro
stream is indeed disrupted in apraxia, the final empirical Study 4 extensively explored the
neuromodulatioriechnique tDCS in healthy participants. Using classic hand and object mental
rotation tasks shown to evoke motor and visual imagery respectively, the laterality of internal
movement representations, and more specifically the role of the left IPL werseak#estDCS

is a novel technique in imagery research coupled with its variable nature during cognitive tasks
and lack of robust effect on manipulation perception in Study 2, different electrode montages
were explored to assess the efficacy of modulatiatprimagery. In Experiment 1, left parietal
cathodalinhibitory with right parietal anodadxcitatory stimulation improved accuracy during
hand mental rotation, whereas left parietal anedaltatory and right parietal cathodahibitory
stimulation rediced accuracy in this task. Stimulation effects were found when the stimuli were
at the most difficult orientationsNotably, performance differences were identifiathen
comparing each stiulation protocol to each othavhen each stimulation protocol weempaed

to sham,performance did not greatly diffelt was therefore assumed that both protocol were
having a mild effect ofmand mental rotatioperformanceObject mental rotatiohoweverwas

not affected by either stimulation protocol. In Experimtiiree separate groups of participants
were given one of three different electrode montages. The group receiving unilateral left parietal
cathodalinhibitory stimulation with a contralateral neutral frontal reference electrode showed
slowed response timés the hand and object mental rotation tasks during the most difficult

stimuli orientations when compared to right parietal cathodabitory stimulation with a frontal
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reference. Remaining electrode montages did not markedly affect performance dheng e

mental rotation task for the remaining participant groups.

The differing effects of stimulation in Experiment 1 and 2 suggest that bilateral parietal electrode
placement impacts the interhemispheric interaction between parietal lobes, wherdagalnila
parietal cathodahhibitory electrode placement affects the parietal lobe being stimulated in
isolation. Therefore tDCS effects can vary depending on where the electrodes are placed. Albeit
weak, the results from both experiments of Study 4 confivat modulation of the left IPL
impacts motor mental rotation performance. Supporting Study 2, these results suggest the left IPL
is critical during motor imagery and indeed left lateralised. The unexpected effect of left parietal
cathodal stimulation onisual mental rotation in Experiment 2 indicates the laterality of visual
imagery is less clear. Although intended as a control condition, modulation of object mental
rotation is harder to achieve with tDCS.

6.2. Is apraxia attributed to impaired motor imagery due to a disrupted ventredorsal
pathway?

The general introduction of this thesis described how apraxia has come to be considered an
impairment in the generation and maintenance of internal representations of movement, or motor
imagery, due to disrumh to a purported ventidorsal pathway. One of the main aims of the
current thesis was to assess this claim by using a combination of action perception and action
execution tasks with left hemisphere stroke patients with apraxia. These tasks were designed
carefully dissect the processes that are preserved and lost in these patients. As internal movement
representations are necessary during motor execution and simuthgomtegrity of these
representations can be assessed in apraxia using task$ngequitor imageryFocusing on

skilful use of objects, in order to confirm whether apraxia is attributed to impaired motor imagery,
errors must be specific to the motoric elements of ohjset If this is the case, for these deficits

to be attributed tdisruption to the ventrdorsal pathway, errors in objease should be confined

to skilled movement where perceptual information must be integrated into action plans, whilst
traditional ventral processing of semantic representations and dorsal procégsilige object
manipulation based on affordance remain intact. Both studies with apraxic patients (Study 1 and
3) offer direct evidence in support of these claims. The tasks devised in these studies expanded
on previous research by assesginth actionperception and execution of objacte behaviour

in apraxia that has seldom been exploegplivalent performance errors across action perception

and execution tasks with familiar and novel objects offersl&y DOXDWLRQ RI DSUD[LDY
with movemaet representations in the verntorsal pathwayrom input (perception) to output

(execution).
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6.2.1. Familiar objeetise

Focusing on the use of familiar objects, the selective deficit in object manipulation perception
observed in Study 1 suggest thateeqm may be attributed to impaired motor imagery resulting

in deficient perception of the motoric elements of objexst. The proposal that apraxia may be
attributed to disrupted internal representations of movement stems from examination of the core
sympbms of apraxia. Deficits appear to be confined to skilled movement, impacting action
execution and action perception. During gesture imitation, apraxic patients show defective
performance when imitating gestures performed by a model (Haaland & Flah&¢ayHeland

et al., 2000; Buxbaum et al., 2005; Buxbaum et al., 2007), and failure to produce meaningful
JHVWXUHV RQ FRPPDQG VXFK DV WKH V\PE-Bs® pantdni& LRQ 3
LQFOXGLQJ 3KRZ WR XVH D KDPPHU" ™ *IR IhGéV€)eeddded, errors % X [
during object pantomime extend into actual objes, for example patients may use the wrong
tool-object combination such as attempting to cut bread with a spoon (Goldenberg, 2013). Similar
deficitshave been reported faction perception; apraxic patients fail to recognise pantomimed
actions or identify their own actions from those performed by others (Rothi et al., 1985; Sirigu et
al., 1999).Further,case study data suggesrformance iseduced during mental chronometry

after parietal damageSirigu et al., 1995; Sirigu et al., 1996) aperformance duringhe hand

laterality judgement tasks also impaired Tomasino et al., 2003&;omasino et al., 2003b;
Overney & Blanke, 2009). What these symptoms have in common ishéyaetate togestural

based skilled movemerih addition to assessing whether apraxic errors are restricted to motoric
elements of action, it is important to confimoreexplicitly whether these errors manifest only

whenthe appropriate motor responseéliant on integration gberception for action.

To verify whether apraxic errors are restricted to skilled movement implicating motor imagery
via the ventredorsal stream, the components of objest were carefully dissected to evaluate
what functiors disturbed and maintained in these patients. Research suggespsah@tpatients

have maintained ventral processing; patients can successfully recognise and identify visually
presented objects (Daprati & Sirigu, 2006), and organise familiar objeretsght order (Dawson

et al., 2010; Li et al., 2011). These semantic representations were also intact in a majority of
apraxic patients in Study 1; patients were able to identify target objects and the object typically
used with that target based on verd@hmand. When pairing objects that share a similar function
(for example a matchstick and a lighter both make a flame) in the presence of distractor items,
apraxic patients also perform appropriately (Buxbaum & Saffran, 2002; Myung et al., 2010),
confirming that representations of the functional purpose of famibjects are maintaineth

studies evaluating the integrity of representations of object function and manipulation participants
are typically required to match pictures or words of objectsolation. Tasks such as these do

not tease apart the actions required by both the objects and the actor to achieve that goal. It
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therefore remained possible that patients with apraxia can identify the function of the object, but
not the motion required tauffil that function (e.g. the head of the hammer must move in a
downward motion onto the object being h&judy 1 of this thesisot onlyexplored the integrity

of object manipulation perception in apraxiait also nonmotoric functional semantic
represatations of how an object is usexfulfil its functional purpose, confirming that these non
motoric action representations are undisturbemgether, maintained semantic, function, and
functional semantic representations indicates that perceptual mefptases attributed to the
ventral stream are intact in apraxia. Likewise, the inclusion of afforeatated distractor items

in each condition of Study 1 is evidence that accurate performance in semantic and functional
semantic conditions could not bétributed to affordance cuewllowing appropriate target
selection based on the structure of each object.

Instead, errors manifest when performing the actions associated with-udgectudy 1
confirmed that apraxic patients were impaired when matcthiegappropriate manipulation
gesture for familiar objects and that these errors increased with the severity of afinasm.
gestural based errors add weight to previous research suggesting that apraxic patients perform
abnormally when matching familiabjects that are similarly manipulatB& Renzi & Lucchelli,

1988; Buxbaum & Saffran, 2002; Buxbaum et al., 2005; Rumiati et al., 2004; Vingerhakts et
2008; Myung et al., 201®r whenrecognising the correct hand postuegjuired for skilled
objectuse (Buxbaum et al., 2003; Daprati et al., 2010). Therefore, the selective deficits when
retrieving motoric representations of objeise whilst nonmotoric action representations are
maintainegconfirmthat object representations are distributed acrasbrdin These erroralso
suggest that apraxia is strongly related to disruptiavhat Goldenberg calthe Tognitive sidé€

of motor contro(Goldenberg, 20095o0ldenberg, 2013

6.2.2. Novel objeetse

The errors observed in apraxia also extend ¢osHilful use of novel objects. Importantly, very
few studies have assessed whether apraxic patients can learn to skilfully manipulate new objects,
which may also be reliant on internal representations of movement to assess whether the
movement plan will ehieve the action goal. Study 3 confirmed that apraxic patients generally
perform poorly with new objects, even with increasing experience over time. A majority of the
patients with apraxia failed to accommodate for the weight distribution of the objemtstwas
indicated by a higtevel visually afforded cue or a memeagsociated cue. In other words, grasp
errors manifested when it was necessary to integrate the visual cue of object weight from the
ventral stream with dorsal processing of object shape location. Impaired application of
perception for action in apraxia has also been observed during-bbgsd problem solving
tasks; patients fail to select the tool best suited to manipulate a cylinder during the novel tools test
11€



(Goldenberg & Hagman 1998; Goldenberg & Spatt, 2009), perform a sequence of digset
manipulations to open a mechanical puzzle (Heilman et al., 1997), or use familiar objects in an
unusual way such as screwing a screw with a knife (Osiurak et al., 2009; SunderlargDédal

The selective deficits of apraxic patients duriskjlled objectuse in Study 3 supportthe
perceptual errorslemonstrated irstudy 1 stored representations of object function must be
incorporated into the action plan in order to select theogpiate object manipulation gesture.
Combined theseresultsindicatethat motor perception and egution aredisturbed in apraxia

whenvisible and knowrproperties of objetsmust be integrateda the ventredorsal stream.

Alternatively, object manipution was unaffected when weight distribution was indicated by
low-level visual affordance cues of object structure, confirming that apraxic patients could
perform adequately on the basis of maintained dorsal processing (i.e. when motor imagery was
not requred to assess the appropriateness of the movement plan to achieve the action goal via the
ventrodorsal stream). Although few studies have explored apraxic patients performance when
learning to manipulate novel objects, these results support thoseubdie®n conducted. Barde

and colleagues (2007) trained patients to match novel gestures to novel objects that were high or
low afforded by their associated objects. Patients with apraxia showed an affordance benefit
during action recognition, performing @ppriately to control participants when the gesture was
highly afforded to the object shape. However, performance was poorer compared to controls when
the gesture and object affordance was low. Like Study 3, apraxic patients showed a performance
advantagavhen the appropriate grasp gesture could be inferred from the shape of the object.
These selective deficits correspond to evidence that performance errors reduce with increased
contextual information; during pantomime, demonstration, and actual -elsiegantomime was

prone to the most errors, whereas performance improved with increasing perceptual cues
(Randerath et al., 2011). Similarly, during imagined or actual grasping of dowels and widgets
presented in varying orientations, apraxic errors were @déykworse during the imagery
condition where there was minimal visual, tactile, and proprioceptive feedback, as opposed to

action execution where there is strong visual feedback (Buxbaum et al., 2005).

Not only do the results from Study 3 support thggastion that motor imagery is impaired in
apraxia, but also confirms that traditional dorsal processing is maintained in these patients. This
LV FRUURERUDWHG E\ SDWLHQWVY DELOLW\ WR LQIHU WKH
objects fortransfer(Sirigu et al., 1995; Goldenberg & Hagmann, 1998xlgaum et al., 2003;
letswaart et al.2006; Randeratbt al.,2009; Randeratlet al, 2010; Sunderland et al2013).
Likewise, maintained semantic, functional, and functional semantic représentzonfirmed in

the literature and in Study 1, indicates that traditional ventral processing is preserved in apraxia

(Daprati & Sirigu, 2006Pawson et al., 2010; Li et al., 2011). Therefotese examinatiomf
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objectuse behaviour in apraxia confirtiet performance errors cannot be attributed to impaired
ventral or dorsal streams of the traditional visual pathways m@mdale & Milner, 1992;
Milner & Goodale, 2006)Instead, these results suggest that object manipulation deficits in
apraxia areestricted to actions where perceptual information must be incorporated into action
plans, therefore supporting the existence of a veaitreal sukstream of the visual pathways
model that utilises stored representations to enable objects to be grasp&diddraction
(Rizzolatti & Matelli, 2003; Buxbaum & Kalénine, 2010Binkofski & Buxbaum, 2013;
Vingerhoets, 2014). Failure to access and implement information from the ventral stream into
action plans results in an owveliance on intact dorsal process resulting in objects being
manipulated based on their visual affordance regardless of the goal of the action (Randerath et
al., 2011).

Notably, during repeated lifts of familiar and novel objects apraxic patients have been shown to
successfully adjugtheir grip force, appropriately demonstrating a maintained ability to utilise
sensorimotor feedback (Gordon et al., 1993; Hermdorfer et al., 2011; Randerath et al., 2011;
Eidenmdller et al., 2014). Despite this behaviour supporting the proposal that gatéents can

use shorterm information to update movement plans via the dorsal stream, Study 3 did not show
improved grasp performance over repeated lifts of the same objects in a majority of apraxic
patients. However it is believed that these behasiare not attributed to impaired sensorimotor
feedback. In Study 3 the visual affordance cues of object weight, suggesting an even weight
distribution due to being a symmetrical cylinder, are in conflict with sensorimotor feedback that
indicates that thebject is weighted to the left or the right in the highel visuallyafforded or
memoryassociated conditions. Consequently, the results from Study 3 suggest that apraxic
patients may fail to adapt their behaviour if the visual affordance cues dorrespmnd to the
appropriate functional grasp. In studies assessing grip force rather thaspgrasphe visual

shape of the object does not conflict sensorimotor feedback of object weight. The presence of
performance errors in StudytiBereforeraises a interesting question: if action is biased towards
intact visual affordance cues due to disturbed vestrgsal processing in apraxia, can these
patients effectively utilise intact shegrm nonvisual processes (i.e. sensorimotor feedback) if
these do niocorrespond to visual informatio? addition to this question, kgsing additional
apraxic patientkesion analysis may indicate that performance is maintained when certain cortical
regions or white matter tracts are preserved. Further, modificatitme dask design, such as
incorporating a delay before grasp onset, would confirm whether compensatory techniques could

be utilised to improve performance.

Nevertheless, through a unique assessment of action perception and action execution, Study 1 and

3 strongly support the proposal that apraxia is associated with impaired internal movement
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representations due to disruption to the vedtisal pathway. In accordance with the literature,
accurate performance in the semantic and functional semantiticos@f Study 1 confirm that
ventral processing is intact in these patients, whilst accurate performance in4bgdbwisual
affordance condition of Study 3 indicates that dorsal processing is preserved. Apraxic errors
therefore cannot be attributemldamage to either stream of the traditional visual pathway model.
Conversely, a selective impairment when making perceptual decisions regarding the skilful
manipulation of familiar objects in Study 1 confirms that errors are motoric in nature, suggesting
motor imagery is indeed impaired. When combined with inaccurate grasping of novel objects
when stored representations must inform action plans in Study 3, results highlight that these errors
are not only motoric, but confined to actions reliant on thegnaition of perception for action
attributed to the ventrdorsal pathway. Through careful evaluation of objess errors in
apraxia, Study 1 and 3 offer substantial support the presence of adersab pathway that is
impaired in apraxia in a mannérat has not been tested previously. Disturbance of this pathway
affects the perception and execution of skilful action for both familiar and novel objects.

6.2.3.Is apraxia attributed to impaired mechanical problem solving?

In the general introduction dhis thesis, the proposal that apraxia is attributed to impaired
mechanical problem solving was described. According to Goldenberg and colleagues
(Goldenberg & Hagmann, 1998; Goldenberg, 2013), the theory of disturbed object manipulation
perception implid the existence of prototypical gesture representations for individual objects that
are stored and retrieved. As discussed in the introduction, the notion of a core gesture
representation is flawed for several reasons. Instead, it is more plausible ghatotbr
representations required for appropriate object manipulation and potentially impaired in apraxia
are attributable to a flexible highvel praxis system. Yet the question remains as to whether
apraxia can be attributed to impaired mechanical pmotgelving. Goldenberg and colleagues
suggested that apraxic patients fail to identify the functional capabilities of objects in order to
plan a movement to effectively achieve the movement goal. ldentification of the capabilities of
an object requires l@pterm stored movement representations to be generated to assess whether
the planned movement will achieve the goal, which would also require the integration of the
ventral and dorsal systems. This theory therefore not only accounts for errors duringnubvel
familiar objectuse, but a deficit in mechanical problem solving might also be attributed to

impaired motor representations via the vemtoosal pathway.

Reviewing the errors observed in apraxia, it is argued that mechanical problem solving does not
truly represent apraxic behaviour. Crucially, Goldenberg argues that mechanical problem solving
applies equally to movements and configurations of external objects and thefuradignal
UHSUHVHQWDWLRQV DVVRFLDWH Wikdit rédipiehtiandRhe S¢tRR@ V Z LV

121



WKHLU XVH" *ROGH Q Edbhvérsely, these have been shown to be distinct in
previous researgtsemantic, function, and manipulation perception can be selectively impaired
(Boronat et al., 2005; Buxbaum & fan, 2002; Canessa et al., 2008; Myung et al., 2Amh0
particular, Goldenberg proposed that left parietal lesions impair comprehension of the spatial
relationship between multiple objects, multiple parts of objects, and between the hand and the
object (Goldenberg, 2009). However, when the perception of spatial relationships between
multiple objects was assessed in apraxia (Study 1) and when applying tDCS to the left IPL in
healthy populations (Study 2), functional semantic representations were maintahese
findings indicate that apraxic errors emerging from left parietal damage cannot be attributed to
impaired comprehension of the mechanical relationships between external objects, which
FRQWUDGLFWY *ROGHQEHUJTV F O D LhanicahBRepnGavingbad eK R X J |
applied to action execution errors when skilfully manipulating familiar and novel objects such as
during the novel tools test, it is less clear how it can be applied to errors inudgguantomime.

When pantomiming the us# objects, particularly in response to verbal command, affordance
cues regarding the functional capabilities of the object are not readily available. Therefore, it
might be more appropriate to suggest that instead of the proposal of storehousesygfigabtot
objectuse gestures as Goldenberg assumes, there may be the presence of simpler motor
SSULPLWLYHV"™ WKDW DUH UHSUHVHQWHG DV FRPELQDWLR
modified depending on task demands (Schenk, 2014). Based on apitéxicspbehaviour in the
studies of this thesis and with support from the literature, it seems more reasonable that skilled
object manipulation is reliant on the integration of steomtd longterm visual representations that

are generated depending on thmal of the motor act. However, the question of mechanical

problem solving versus higlavel motor representations remains a topic of intense debate.

6.3.Do internal re presentations of movement relyon maintained processing within the left

inferior parie tal lobe (IPL)?

Although the results from Study 1 and 3 offer substantial support for the proposal that apraxia is
attributed to impaired motor imagery due to disruption to the valursal pathway, what was

less clear was the role of the left IPL. Thaduction of this thesis outlined research from both
neuroimaging and neuropsychology that suggests the left IPL is the critical juncture where ventral
and dorsal processing is combined, forming a fundamental part of the purporteddeessio
pathway (Rizzolatti & Matelli, 2003; Buxbaum & Kalénine, 2010; Rizzolatti et al., 2011).
However, the role of the left IPL has beguoestioned, in particular during objeeiated
movement (for example Goldenberg et al., 2007). Using causal neuropsychological and
neuromodulation techniques, the second aim of this thesis was to confirm whether internal
movement representations attributed to the vethtrsal stream are reliant on intact processing
within the left IPL. By assessing the necessity of the left IPL irsteaking upon motor imagery,
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it could also be inferred whether it is accurate to suggest these representations are compromised

in apraxia.

Lesions to frontal and parietal regions of the visuomotor network often lead to apraxia, with the
left IPL being onsistently associated with ideomotor apraxia (Haaland et al., 2000; Leiguarda &
Marsden, 2000; Goldenberg, 2009). Study 1 and 3 corroborated these findings, as approximately
half of the apraxic patients tested had lesions that directly implicated thHellgfuggesting that
damage to this region can affect skilful object manipulation. Lesions to the left IPL have been
associated with impaired imitation of hand gestures and with errors during pantomime and actual
objectuse (Goldenberg & Spatt, 2009; Gefderg, 2014). However, errors in gesture recognition
and pantomime of objectse is also apparent when lesions occur outside of the parietal lobe;
reduced understanding of familiar transitive and intransitive gestures and disturbed pantomime
of objectusehas been associated with disruption to frontal regions including the inferior frontal
gyrus, but not damage to inferior parietal regions (Goldenberg et al., 2007; Pazzaglia et al., 2008;
Bolthalter et al., 2011). These findings challenge the necessityeoleft IPL during motor
imagery, particularly during the mental simulation of objetated action.

However, as lesions are often extensive, it cannot be ruled out that the left IPL is indirectly
implicated in these patients; if lesioned areas incladeicocortical and corticosubcortical
connections, communication along the verttonsal pathway may still be disrupted (Leiguarda,
2001; Lewis, 2006). This issue was acknowledged in research associating frontal lesions with
impaired objecuse. Referringo Study 1 and 3, the patients with lesions external to the left IPL
had damage extending into the underlying white matter of frontoparietal regions, and subcortical
OHVLRQV LQFOXGLQJ WKH FHUHEHOOXP WKDODRIKXtke DQG |
reciprocal connections between the ventral and veatdrsal pathway, or the forward projections
from parietal to frontal regions, are disconnected. Consequently it remains that the left IPL may
be critical during motor imagery. Yet this explanatismot definitive and does not account for
thetaburst stimulation over the inferior frontal cortex of healthy participants impairing
production of transitive and intransitive gestures, while left IPL stimulation did not affect gesture
production (Bolthdkr et al., 2011).

Despite apraxic patients in Study 1 and 3 having lesions that may directly or indirectly implicate
the left IPL, the causal link between the integrity of this region and maintained motor imagery via
the ventredorsal stream remained uear. Using tDCS, Study 2 and 4 assessed the role of the
left IPL in greater depth. Any performance changes in motor imagery tasks due to modulating the
cortical excitability of the left IPL would heavily reinforce its role in the integration of perception

for action. When given the same perceptual task used with apraxic patients in the initial study,
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healthy participants in Study 2 showed increased reaction times during the perception of object
manipulation when left parietal cathodahibitory stimulation was applied with a contralateral
frontal reference electrode. As performance during functional semantic judgements was
unaffected by stimulation, these findings confirm that the left IPL is required during the
perception of motoric elements of objete but not when perceiving nemotoric action
representations. This corresponds to neuroimaging studies indicating that simulation ef object
related movement activates several visuomotor areas attributed to the-dasab stream
including the left IPL whe individuals observe, imagine, and pantomime ohjeet Chao &

Martin, 2000;Decety et al., 2002ylozaz et al., 200Rizzolatti & Matelli, 2003;Vingerhoets,

2008; Kroliczak & Frey, 2009; Vingerhoets et al., 2009; Caspers et al.).20&@ased leftRL
activation is also observed when making perceptual based decisions and prospective action
judgements regarding appropriate objest, which can be disturbed after rTMS is applied to this
area(Buccino et al., 200XKellenbach et al, 200Buccino et al 2004; Rizzolatti & Craighero,
2004;Boronat et al., 2005; Buxbaum et al., 2006; Canessa et al., Bbil&thi et al., 2011,
Wadsworth & Kana, 2011Alternatively, perception of object function activates inferotemporal
regions, with impaired functiojudgements manifesting after damage to temporal regions in the
case of semantic dementia or herpes enceph@ditigu et al., 1991; Buxbaum et al., 1997,
Bozeat et al., 2000; Kellenbach et al., 2003; Mahon & Caramazza, 2003; Boronat et al., 2005;
Negri @ al., 2007; Canessa et al., 2008), Such research suggests that functional semantic

representations may similarly be attributed to more ventral and semantic systems.

The necessity of the left IPL during motor imagery is reinforced by the results foGtaidy 4.

This study used classic mental rotation tasks that have consistently been shown to rely on motor
or visual imagery depending on task demands (Bonda et al., 1995; Corballis, 1997; Overney et
al., 2005; Overney & Blanke, 2009). During left parietathodalinhibitory and right parietal
anodaidexcitatory stimulation accuracy of hand mental rotation was enhanced compared to left
parietal anodaéxcitatory and right parietal cathodahibitory stimulation, indicating that
disturbance of interhemispherinteractions between the parietal lobes could modulate motor
imagery. Reaction times were also reduced during unilateral left parietal caittbabry
stimulation with a contralateral frontal reference. Unilateral right parietal catiwddaitory or
anodalexcitatory stimulation did not affect motor mental rotation performance. Unlike a previous
rTMS study that found stimulation of the left or right supramarginal gyrus affected hand laterality
performance (Pelgrims et al., 2009), the modulatomotsffound in Study 4 are consistent with
evidence that apraxic symptoms predominantly occur after damage to the left hemisphere. This
suggests that motor imagery is left lateralised but may recruit right parietal regions that are
supplementary but not esgial (Sirigu et al., 1996; Buxbaum et al., 2005; Niessen et al., 2014).

Further, the selective impairment of manipulation judgements during tDCS of the left IPL
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confirms that additional frontal and white matter disruption is not necessary to disturbusigie

perception as deduced by Vingerhoets and colleagues (2011).

Combined, the findings from both experiments in Study 4 indicate that modulation of the left IPL
affects intransitive motor mental rotation. Similarly to objedated movement, severantro

dorsal visuomotor areas, in particular left parietal regions, are active during the mental rotation
of body partsBonda et al., 1995; Kosslyn et al., 1988zzolatti & Matelli, 2003Haaland et al.,
2004;Fogassi & Luppino, 2005lohnsorFrey et &, 2005; Muhlau et al., 200®verney et al.,

2005). In accordance with neuroimaging data, impaired motor mental rotation is observed when
lesions implicate the left parietal regions (Sirigu et al., 1996; Sirigu & Duhamel, 2001; Tomasino
et al., 2003, Tomasino et al., 2003l5)verney & Blanke, 2009), whereas right parietal damage
has been shown to impact visual mental rotation whilst motor mental rotation remains normal
(Bricolo et al., 1990; Rumiati et al., 2001; Tomasino et al., BD03

Overall, the rsults from Study 2 and 4 directly attribute the left IPL with the perception of
transitive objectelated action and intransitive mental rotation of hand gestures, corroborating a
wealth of neuroimaging and neuropsychological data implicating the lefinlBiansitive and
intransitive movementOecety et al., 1994; Decety, 1996; Sirigu et al., 19R&zolatti &
Craighero, 2004Rumiati et al., 2004; Lewis, 2006; Frey, 2007; Vingerhoets et2808;
Kalénine et al., 2010; Niessen et al., 2014). Thesdtsesupport the proposal of an additional
substream of the visual pathways model important for the integration of perception for action.
Further, the lack of effect of tDCS when the right hemisphere was stimulated indicates that motor
imagery is left hensiphere dominanT.hemodulatory effects of tDC&lsocompliment the lesion

data from Study 1 and 3 that suggests direct or indirect disturbance of the left IPL is associated
with deficits during the perception and execution of skilled objeleted movemat. That said,
regions external to the left IPL, such as the right parietal lobe or inferior frontal gyrus, may still
be integral to internal movement representations via the vdotsal stream, but for different
reasons. For example, while the left IRlight form the critical juncture where perception and
action are integrated to enable the generation and selection of the appropriate movement gesture,
it is feasible that the production of this gesture and inhibition of inappropriate gestures calls upon
inferior frontal regions (Decety et al., 1997; Goldenberg et al., 200@)all,the results obtained

from the neuromodulation studies confirm that when tDCS is applied to the parietal cortex, motor
imagery can be modulated. To date, this has seldom bpdred and therefore offers unique
evidence for the potential of tDCS to assess the cognitive aspects of motor control. Importantly,
these studies offer direct evidence for the role of the left IPL during skilled movement

representations via the ventlorsal substream.
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6.4. What is he role of motor imagery and the left IPL?

Although accumulated results from the studies conducted in this thesis point to impaired internal
movement representations due to disruption of the veltrsal stream, it remain:idear what

the role of these representations are. If apraxia is an example of the errors that can manifest when
motor imagery is disturbed, what has been learned about the purpose of these movement

representations?

The general introduction indicates thaotor imagery is required during implicit or explicit
movement simulationXnnett, 1995; Lotze & Halsband, 200&nd forms an important part of

motor planning for action executiode@annerod & Decety, 1995julder, 2007. Based on the

data from this th&s it is likely that these representations are vital in generating and assessing the
appropriateness of movement plans to achieve an action goal (Buxbaum et al., 2005; Goldenberg,
2009). Disturbed generation and assessment of these action plans resolppiopriate
perception or production of transitive or intransitive gestures. As observed in the current data,
impaired action planning results in inaccurate perception of the appropriate gesture for
manipulating familiar objects, and impaired selectiod execution of a suitable grasp, or grasp
point, when performing skilled object manipulation. These representations are not required to
assess the appropriateness of action plans when movement can rely on the online control of action,
for example when gisping objects based on their structural properties based on dorsal processing.
Likewise, it is not necessary to refer to these representations when identifying an object and its
typical function, which instead relies on semantic systems via the ventiainstTherefore, it is
possible that motor imagery forms a critical part of action selection by accumulating different
information from motor, perceptual, and semantic systems in order to select the appropriate action

in the given context.

If this is thecase, it is plausible that the left parietal cortex, in particular the left IPL, is the region
at which this information is combined. Anatomically situated between dorsal and ventral
pathways (Rizzolatti & Matelli, 2003; Binkofski & Buxbaum, 2013), ag pathe ventredorsal

stream the left IPL is ideally placed to integrat®imation from these pathways. Whethigist
regionis a modaliy-V SHF L | L F of & Biged semantic systefbambon Ralph, Sage, Jones,

& Mayberry, 2010;Ishibashi et al., 20119r whether it isa central point where information is
combined to form these internal representations remains uncertain. What is certain however is
that the left IPL is critical in enabling information from the ventral and dorsal streams to inform

action pans.
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6.5. Conclusions and future directions

The studies in the current thesis offedetailedassessmerftom input (perception) to output
(execution)of the integrity of internal movement representations in apraxia and the role of the
left IPL in geneating these representations. In order to confirm whether motor imagery is
compromised in apraxia, it was important to comprehensively assess several aspects of motor
control, from action perception to action execution. It was also essential to assess Wieeth
errors that manifest during the perception of familiar objiset are equivalent during the use of
novel objects; if apraxia is to be considered an impairment in internal movement representations
attributed to the ventrdorsal pathway, errors werexpected to manifest not only when
perceiving the skilful manipulation of familiar objects, but also during skilful action execution
with novel objects where lorgrm stored movement representations were required to inform
action. The results from work i apraxic patients confirm that performance errors manifest
during the retrieval of motor representations associated with learned, familiar objects and also
impact the ability to learn skilful manipulation of new objects.

Particularly novel is that apxe impacts learing of new objects, with shetérm sensorimotor
information failing to be utilised when visual and sensorimotor feedback are in cordlidate

very few studies have assessed how apraxia impacts ledfrapgaxic patients struggle tearn

how to skilfully manipulate new objecter examplethis will have a vast impact otheir
independence postroke and should be accounted for when determining the appropriate
treatment of apraxiagzurther, by using control tasks that examined thegrity of traditional

dorsal and ventral streams of the visual pathways model, maintained functional semantic
perception and object manipulation based on-llwel visual affordances of object shape
emphasise that the errors observed in apraxia couloerattributed to damage to either of these
visual streams. Maintained performance in these conditions confirms that apraxic errors manifest
not only during the motoric stages of objese, but exclusively when ventral and dorsal
processing must be integed. This supports the suggestifraventradorsal substream within

the visual pathways model required when integrating perception for action. The use of lesion
analysis and the neuromodulation technique tDCS also confirmed the necessity of theiteft IP
skilled movement reliant amotor imageryThis region has been heavily implicated in the ventro
dorsal stream and in apraxia, adding a wealth of support for the suggestion that the left IPL forms

the critical juncture where dorsal and ventral proogsis combined.

Building on the data obtained in this thesis, it would breekieial to expand on the novgidasping
task used with apraxic patientds described, few studies have explored how apraxia affects
patientstability to learn skilful manipulan of rewobjectsTherefore the results from the current

grasping task raise some interesting questions that have not previously been explored,
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emphasising th@eed to assesspraxic patientdehaviourduring learning.Expandingon the
current data woul@lso bring further insight into how perception and action processes interact.
For example madification of the study desigsuch as incorporating a delay before grasp onset
might revealwhy some patientdike JA in this instance, can compensate for theficits while
others cannot. Likewise, it is possible that preservatiamextfin cortical regions or white matter
tractsmay allow improved performanck.is important taconsidemwhether thentegrity of these
deeper cortical pathways critical when integrating perception for actioRinally, it would be
interesting to assess how sensorimotor informatidndsrporatednto action plans; it may be
possible that disturbing the verwdorsal pathway also prevents successful utilisation of

nonvisual hnformation when it is in conflict with visual affordance cues.

Future studies should also explore further stimulation protocol to obtain robust tDCS effects on
motor imagery and assess the dissociable effects of tDCS when modulating parietal regions in
isolation and the interhemispheric interaction between parietal lobes. Not only would this inform
models regarding the functional purpose of the left IPL, but also whether there is an important
relationship between the parietal lobes as suggested by ¢hleeimispheric interaction effect of
tDCS on motor imagery observed in Study 4. Finally, achievement of excitatory modulatory
effects of tDCS during motor imagery would expand the role of this technique from an

investigative technique towards developingpitéential as a neurorehabilitation technique.

Together, the studies in this thesis confirm the existence of a vdomsal stream that is critical

in the perception and execution of skilled use of familiar and novel objects. Compromising this
pathway mpairs internal representations of movement resulting in errors during the perception
and generation of transitive and intransitive gestures. This pathway can be impaired through direct
disturbance of the left IPL or indirectly through disruption along gathwaydisconnecting

forward projections from parietal to frontal regions aleegtrodorsalnetwork.
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