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Abstract 

To reach for a target, we must formulate a movement plan - a difference vector of the target 

position with respect to the starting hand position. While it is known that the medial part of the 

intraparietal sulcus (mIPS) and the dorsal premotor (PMd) activity reflects aspects of a kinematic plan for 

a reaching movement, it is unclear whether or how the two regions may differ. 

We investigated the functional roles of the mIPS and PMd in the planning of reaching movements 

using high definition transcranial direct current stimulation (HD-tDCS) and examined changes in 

horizontal endpoint error when participants were subjected to anodal and cathodal stimulation. The left 

mIPS and PMd were functionally localized with fMRI in each participant using an interleaved center-out 

pointing and saccade task and mapped onto the scalp using Brainsight. We adopted a randomized, single-

blind design and applied anodal and cathodal stimulation (2mA for 20 min; 3cm radius 4x1 electrode 

placement) during 4 separate visits scheduled at least a week apart. Each participant performed 250 

baseline, stimulation, and post-stimulation memory-guided reaches starting from one of two initial hand 

positions (IHPs) to one of 4 briefly flashed targets (20 cm distant, 5 cm apart horizontally) while fixating 

on a straight-ahead cross located at the target line.  

Separate 2-way repeated measures ANOVAs of horizontal endpoint error difference after 

cathodal tDCS at each stimulation site revealed a significant IHP by target position interaction effect at 

the left mIPS, and significant IHP and target main effects at the left PMd. Behaviorally, these effects 

corresponded to IHP-dependent contractions after cathodal mIPS tDCS and IHP-independent contractions 

after cathodal PMd tDCS. 

These results suggest that the movement vector is not yet formed at the input level of mIPS, but is 

encoded at the input of PMd. These results also indicate that tDCS is a viable, useful method in 

investigating movement planning properties through temporary perturbations of the system.  



iii 

 

Co-Authorship 

This research was conducted under the supervision of the principal investigator Dr. Gunnar 

Blohm, who planned the implementation of research protocols and provided guidance for the data 

analysis and feedback on the methods and results section. The functional localizer task was designed by 

Dr Jason Gallivan. I am responsible for all data collection for this project and produced this thesis in its 

entirety. 



iv 

 

Acknowledgements 

First and foremost, I would like to thank my thesis supervisor, Dr. Gunnar Blohm - his 

mentorship and guidance was invaluable for this MSc. I am grateful for the help provided by lab 

volunteers, Cindy and Jenna, for their assistance with tDCS experiment and for the valuable discussions 

about this research with colleagues, Jerry, Parisa, Scott, and with our lab technician, Hong. This project 

would not have been possible without the participants - thank you for completing all the tDCS sessions. I 

would also like to express my sincere gratitude to my friends who have been positive, inspirational 

sources of motivation, and ensuring that I have a social life. Finally, I must express how tremendously 

thankful I am for the support and encouragement from my dad, for being a reliable pillar of support and 

always a phone call away, and to my mom, whose presence and encouragement to achieve in all aspects 

of life can be felt to this day.  



v 

  

Table of Contents 

Abstract ......................................................................................................................................................... ii	

Co-Authorship .............................................................................................................................................. iii	

Acknowledgements ...................................................................................................................................... iv	

List of Figures ............................................................................................................................................. vii	

List of Tables ............................................................................................................................................. viii	

List of Abbreviations ................................................................................................................................... ix	

Chapter 1 Introduction .................................................................................................................................. 1	

1.1 Movement Planning ............................................................................................................................ 1	

1.1.1 Vector-based Movement Plans .................................................................................................... 1	

1.1.2 Hand & Target Position Coding ................................................................................................... 4	

1.2 Regions Implicated in Movement Planning for Reaching .................................................................. 5	

1.2.1 Parietofrontal Network ................................................................................................................. 5	

1.2.1.1 Medial Part of the Intraparietal Sulcus (mIPS) ..................................................................... 5	

1.2.1.2 Dorsal Premotor Area (PMd) ................................................................................................ 7	

1.3 Kinematic Measurements of Reaching ............................................................................................... 8	

1.3.1 Endpoint Errors ............................................................................................................................ 9	

1.3.2 Velocity ........................................................................................................................................ 9	

1.3.3 Trajectory ................................................................................................................................... 10	

1.4 Transcranial Direct Current Stimulation ........................................................................................... 11	

1.4.1 What is tDCS? ............................................................................................................................ 11	

1.4.2 Factors that Influence tDCS Efficacy ........................................................................................ 12	

1.4.2.1 Controllable Factors affecting tDCS outcome .................................................................... 12	

1.4.2.2 Less Controllable Factors affecting tDCS outcome ............................................................ 12	

1.4.3 Conventional tDCS vs HD-tDCS ............................................................................................... 13	

1.4.4 Potential Mechanisms of Action ................................................................................................ 15	

1.4.5 Using tDCS to study brain function ........................................................................................... 17	

1.5 Research Objectives, Hypothesis, and Rationale .............................................................................. 18	

Chapter 2 Methods & Apparatus ................................................................................................................ 19	

2.1 Participants ........................................................................................................................................ 19	

2.2 MRI Acquisition & Localizer Task .................................................................................................. 19	

2.3 Co-registration .................................................................................................................................. 21	

2.4 High-Definition Direct Current Stimulation ..................................................................................... 22	



vi 

 

2.5 Experimental Setup ........................................................................................................................... 23	

2.6 Task Design ....................................................................................................................................... 26	

2.7 Data analyses ..................................................................................................................................... 29	

Chapter 3 Results ........................................................................................................................................ 31	

3.1 General Observations ........................................................................................................................ 31	

3.1.1 Reach Trajectories ...................................................................................................................... 31	

3.1.2 Hand Position and Velocity Profiles .......................................................................................... 32	

3.1.3 Reaction Time and Movement Time ......................................................................................... 36	

3.2 Endpoint Analyses ............................................................................................................................ 37	

3.2.1 Endpoint Accuracy ..................................................................................................................... 37	

3.2.1.1 Horizontal Endpoint Error .................................................................................................. 38	

3.2.1.2 Vertical Endpoint Error ....................................................................................................... 43	

3.2.2 Endpoint Variability ................................................................................................................... 47	

3.3 Path Curvature ................................................................................................................................... 48	

Chapter 4 Discussion .................................................................................................................................. 51	

4.1 Conclusions ....................................................................................................................................... 51	

4.1.1 Alternative Hypotheses .............................................................................................................. 51	

4.1.2 The effective polarity ................................................................................................................. 53	

4.1.3 Time-dependent HD-tDCS effects ............................................................................................. 56	

4.1.4 Between-participant variability .................................................................................................. 56	

4.2 Limitations ........................................................................................................................................ 57	

4.2.1 Extent of mIPS and PMd stimulation ........................................................................................ 57	

4.2.2 Statistical Limitations ................................................................................................................ 58	

4.3 Implications ....................................................................................................................................... 59	

4.3.1 Coding in the mIPS .................................................................................................................... 60	

4.3.2 Coding in the PMd ..................................................................................................................... 62	

4.4 Future Directions ............................................................................................................................... 63	

4.5 Summary ........................................................................................................................................... 64	

References ................................................................................................................................................... 66	

   



vii 

 

List of Figures 

Figure 1: Functional localizer task display. ............................................................................................... 21	

Figure 2. Schematic representation of the experimental protocol. ............................................................. 23	

Figure 3. Schematic representation of experimental setup. ....................................................................... 25	

Figure 4: Reaching task display and timing. .............................................................................................. 27	

Figure 5: Typical participant trial. ............................................................................................................. 28	

Figure 6: Reaching trajectories. ................................................................................................................. 32	

Figure 7: Average reaching position profiles. ............................................................................................ 33	

Figure 8: Average velocity profiles. .......................................................................................................... 34	

Figure 9: Velocity profiles of a representative participant. ....................................................................... 35	

Figure 10: Reach endpoints before and after cathodal mIPS stimulation. ................................................. 39	

Figure 11: Reach endpoints before and after cathodal PMd stimulation. .................................................. 40	

Figure 12: Group-level post-cathodal tDCS change in the horizontal endpoint error relative to baseline. 42	

Figure 13: Group-level post-cathodal tDCS change in the vertical endpoint error relative to baseline. ... 44	

 



viii 

 

List of Tables 

Table 1. MNI coordinates reported in studies using different approaches. ................................................ 22	

Table 2. Mean reaction time (+/- SE). ........................................................................................................ 36	

Table 3. Mean movement time (+/- SE). .................................................................................................... 36	

Table 4: Results of 2-way RM-ANOVAs on the change in horizontal and vertical endpoint error, during 

and after anodal tDCS relative to baseline. ................................................................................................. 46	

Table 5: Results of 2-way RM-ANOVAs on the change in horizontal and vertical endpoint error, during 

and after cathodal tDCS relative to baseline. .............................................................................................. 46	

Table 6: Curvature parameters during and after anodal and cathodal tDCS relative to baseline. ............. 49	

Table 7: Comparisons between curvature parameters before, during, and after anodal and cathodal tDCS

 ..................................................................................................................................................................... 50	

 



ix 

 

List of Abbreviations 

IHP Initial hand position 
tDCS Transcranial direct current stimulation 
HD-tDCS High-definition direct current stimulation 
mIPS Medial part of the intraparietal sulcus 
PMd Dorsal premotor area 
MRI Magnetic resonance imaging 
fMRI Functional magnetic resonance imaging 
EEG Electroencephalography 
RM-ANOVA Repeated measures analysis of variance 
SEM Standard error of the mean 
CSF Cerebral spinal fluid 
PPC Posterior parietal cortex 
ALE Activation likelihood estimation 



 

1 

 

Chapter 1 

Introduction 

Prior to executing a reaching movement, aspects of the movement must be planned ahead 

and a wide network in the brain is devoted to this process. In this thesis we wanted to probe this 

network by altering the brain activity in two relevant areas to look for behavioral consequences. 

In this way we hope to gain more insight in the computations of these specific areas in the 

reaching network. Specifically, we are interested in exploring how HD-tDCS of the mIPS and 

PMd in the left hemisphere would affect performance in a reach planning task and subsequently 

inferring their functional properties with regards to movement planning. We will first introduce 

important concepts in movement planning and provide a background for two regions implicated 

in this process. Finally, we will talk about the kinematic measurements of reaching and the 

stimulation technique, tDCS, which is used to probe their functional properties.  

1.1 Movement Planning 

To reach towards a target, the locations of the hand and target must ultimately be 

transformed into a coordinated pattern of muscular contractions of the limb (Crawford, 

Medendorp, & Marotta, 2004). There are countless ways of performing a target-directed 

movement, i.e., different trajectories, velocities, and joint angles. The simplest and most direct 

path can be defined as a straight line between the positions of the initial hand and target. A 

common assumption in many studies is that a movement is planned in a straight path, which is 

followed during movement execution (Smeets & Brenner, 2004).  

1.1.1 Vector-based Movement Plans 

Based on the vector-coding hypothesis, the CNS executes movements through a planned 

movement vector in a coordinate system that defines target position with respect to the hand 
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position (Vindras & Viviani, 1998). This difference vector provides the amplitude and direction 

information for movement execution (Krakauer, Pine, Ghilardi, & Ghez, 2000; Bock & Arnold, 

1992), and must be calculated at some point during the transformation from the initial conditions 

of the hand and target position into the motor command (Batista, Buneo, Snyder, & Andersen, 

1999). 

In order to calculate the movement vector, two pieces of information are required: 

estimations of the hand and target locations. The locations of the hand and target can be described 

using a number of possible reference frames, where the reference frame is defined by the origin at 

which a set of axes intersect for its spatial representation. The target location is initially 

represented on the retina, hence the early representation for target location is in a gaze-centered 

reference frame. A gaze-centered representation of the target is also found throughout the striate 

and extrastriate cortex (Nakamura & Colby, 2002). The hand position can be estimated from 

vision and proprioception and can therefore be defined in either gaze-centered or body-centered 

coordinate frames. When vision is limited or when the hand is out of sight, proprioception can 

guide and significantly improve reaching (Monaco et al., 2010). When both modalities are 

available, estimates of the hand position from each modality can be optimally integrated with 

typically greater reliance on vision to provide a reliable representation of hand location in a 

process referred to as multi-sensory integration (Rossetti, Desmurget, & Prablanc, 1995; Hay, 

Pick, & Ikeda, 1965; Berberovic, 2003; Michel et al., 2003; Burns & Blohm, 2010). Multi-

sensory integration requires a series of reference frame transformations - conversions of a spatial 

representation between reference frames (Burns & Blohm, 2010), and is thought to occur through 

the inclusion of positional information of the eye, head and shoulder (Crawford et al., 2004). 

Therefore, estimations of the target position in visually-specified coordinates, and hand position 

in proprioceptively and/or visually-specified coordinates provide the components required for the 

calculation of a difference vector.  
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The calculation of a difference vector is believed to be facilitated when hand and target 

representations are in a consistent reference frame (Lacquaniti & Caminiti, 1998; Knudsen, du 

Lac, & Esterly, 1987; Engel, Flanders, & Soechting, 2002; Buneo & Andersen, 2006). A 

consistent reference frame allows both pieces of information to be integrated and a direct 

comparison to be made to form a difference vector representation. The placement of an eye-

centered representation of target position and a body-centered representation of the hand position 

into one reference frame is made possible through reference frame transformations. There are two 

schemes in which reference frame transformations may occur: direct and progressive 

transformation schemes. In contrast to the progressive transformation scheme (i.e., a series of 

gradual transitions from the eye-centered to body-centered coordinate representations), a direct 

transformation scheme for mapping representations of target and hand positions to a vector 

representation skips intermediate reference frames (Buneo & Andersen, 2006).  

In which reference frame is the difference vector specified? A difference vector could 

theoretically be specified in any coordinate system. The difference vector was initially believed to 

be specified in extrinsic (Cartesian) coordinates rather than in intrinsic (joint-based) coordinates 

on account of the observed invariant straight hand movement paths in extrinsic space while joint 

covariation patterns varied consistently in intrinsic, joint space (Morasso, 1981). Later on, the 

possibility that the difference vector was represented in gaze-centered coordinates emerged from 

observations that participants preferentially performed trajectories that appeared visually straight 

and not spatially straight (Wolpert et al, 1995). There is now accumulating evidence from fMRI 

(Beurze, Toni, Pisella, & Medendorp, 2010), TMS (Vesia, Prime, Yan, Sergio, & Crawford, 

2010), neurophysiological (Andersen & Buneo, 2002), and psychophysiological experiments 

(Medendorp, Beurze, Van Pelt, & Van Der Werf, 2008) that the difference vector is specified in a 

gaze-centered reference frame for reaching movements.  
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The difference vector is eventually sent to the motor system. However, movement 

execution cannot use eye-centered coordinates since the distance and direction of eye-target 

vector do not match that of the hand-target vector. Therefore, prior to executing the reach with the 

hand, the vector representation must be converted into hand-centered coordinates which also 

relies on reference frame transformations (Crawford et al., 2004). Reference frame 

transformations are therefore critical in the formation, (i.e. vector calculation), and 

implementation of the movement plan. 

1.1.2 Hand & Target Position Coding 

How might the target position, hand position, or the movement vector be represented 

through neuronal activity? A gradient of separable to inseparable encoding of signals 

corresponding to the hand and target positions within a neuron was exhibited by the activity of 

posterior parietal cortex (PPC) neurons from deep in the sulcus to the cortical surface (Buneo & 

Andersen, 2006). Separable encoding assumes an independence of hand and target position 

signals, such that the two can be decoded separately even after integration. Inseparable coding, on 

the other hand, assumes dependency between the two variables, such that they are encoded in a 

combined form and cannot be separated. In the context of neuronal activity, a neuron with 

separable encoding would respond as a function of target and hand position in the same reference 

frame while a neuron with inseparable encoding would respond as a function of the difference 

vector. Separably-encoding neurons cannot explicitly represent the difference vector. 

Contrastingly, the difference vector is explicitly provided by the activity of inseparably-coded 

neurons (Buneo & Andersen, 2006). By modulation of their neuronal activity using transcranial 

direct current stimulation, we attempt to reveal the movement planning properties (separable or 

inseparable coding of IHP and target position) of the mIPS and PMd, which are elaborated in the 

following section. 
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1.2 Regions Implicated in Movement Planning for Reaching 

1.2.1 Parietofrontal Network 

 Broadly speaking, reach planning recruits regions within the posterior parietal cortex 

(PPC) and the frontal cortex, which are reciprocally connected (Andersen & Cui, 2009), and 

display parallel activations during reaching preparation (Naranjo et al., 2007). The PPC is 

responsible for computing the difference vector while the frontal cortex is thought to use this 

difference vector for the planning, preparation and execution of movement (Shadmehr & Wise, 

2005). Parietofrontal circuits exists for different movement types, i.e., reaching, grasping, and 

saccades. In the influential model proposed by Jeannerod and colleagues (1995), reaching is 

considered one of two components of a reach-to-grasp movement, thought to evoke the 

dorsomedial pathway joining the medial part of IPS (mIPS), the parieto-occipital junction (POJ), 

and the dorsal premotor cortex (PMd), (Jeannerod, Arbib, Rizzolatti, & Sakata, 1995; Jeannerod, 

1997). A homologous pathway for reaching exists in the monkey, which is formed by the 

connection between the putative reaching-related parietal reach region (PRR), consisting of the 

MIP and V6 complex, to the dorsal premotor region, F2 (Wise, Boussaoud, Johnson, & Caminiti, 

1997). The dorsomedial pathway highlights regions relevant to making reaching movements, two 

of which, the mIPS and PMd, are reviewed in greater detail.   

1.2.1.1 Medial Part of the Intraparietal Sulcus (mIPS) 

The mIPS is an early component of the putative dorsomedial circuit underlying the 

transport component of reach-to-grasp actions (Jeannerod, Arbib, Rizzolatti, & Sakata, 1995; 

Jeannerod, 1997). The mIPS is the medial segment of the intraparietal sulcus, which separates the 

superior and inferior lobules. In its entirety, the IPS is roughly 4.5 cm long and 3 cm deep 

(Vingerhoets, 2014). The IPS is clinically implicated in visually-guided reaching from studies of 

optic ataxia patients (OA), who typically have lesions in the IPS and SPL and present problems of 

visuomotor integration and online corrections (Cavina-Pratesi, Connolly, & Milner, 2013). These 
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patients present reaching deficits using the contralesional hand (hand effect) for targets in both 

visual fields, and to targets in the contralesional hemifield (field effect) which could not be 

attributed to motor or sensory disturbances, neglect or apraxia (Perenin & Vighetto, 1983; Prado 

et al., 2005).  

In particular, the mIPS was identified among four active regions involved in reaching in a 

meta-analysis on neuroimaging studies using the Activation Likelihood Estimation method, 

which finds the overlap between active foci described in the different reaching studies (Blangero, 

Menz, McNamara, & Binkofski, 2009). The mIPS was also found to overlap parietal lesions in 

OA patients (Blangero, Menz, McNamara, & Binkofski, 2009). The mIPS demonstrated 

increased activation during goal-directed reaching tasks, and was believed to serve a pivotal role 

for the visuomotor transformation for the control of goal-directed reaching, regardless of whether 

movement is guided proprioceptively or visually (Grefkes, Ritzl, Zilles, & Fink, 2004). Further 

implication of mIPS in reaching comes from the demonstration that TMS stimulation of the mIPS 

perturbed reaching performance. One TMS study, for example, found that mIPS stimulation 

induced increased scattering of the movement direction for reaches towards contralateral targets 

and concluded that the mIPS encodes the direction for movements aimed at contralateral targets 

(Davare, Zenon, Pourtois, Desmurget, & Olivier, 2012). The lateralization of the IPS in general 

for the contralateral moving hand is well known (Filimon, 2010). The IPS is active in both 

hemispheres during reaching, but the activity in the hemisphere contralateral to the moving hand 

is substantially greater than in the ipsilateral hemisphere.  

In movement planning, the mIPS likely encodes visual input signals of the initial hand 

position, receiving this information from the visual cortex (Vesia & Crawford, 2012). The 

neurons here are thought to represent objects in space in a dynamic, gaze-centered manner (Khan 

et al., 2005). Located within the PPC, the mIPS may also encode the visual goal, and therefore be 

involved upstream of visuomotor transformations, or, encode the direction of movement and 
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therefore be involved downstream of visuomotor transformations (Fernandez-Ruiz, Goltz, 

DeSouza, Vilis, & Crawford, 2007). Until now this is still an open question. TMS work suggested 

that mIPS may visually calculate a movement vector based on the IHP, specifically, by 

incorporation of initial hand position signals for calculating the reach vector, based on the 

observation that visual feedback of the hand reversed TMS-induced precision errors (Vesia, 

Prime, Yan, Sergio, & Crawford, 2010). A further study using TMS suggested that the 

component of the movement vector processed in this region may be movement direction (Davare, 

Zénon, Desmurget, & Olivier, 2015). Furthermore, mIPS demonstrated selectivity for 

contralateral target locations and for the contralateral limb in performing the movement (Vesia, 

Prime, Yan, Sergio, & Crawford, 2010). 

1.2.1.2 Dorsal Premotor Area (PMd) 

The PMd was considered the final component in the putative dorsomedial circuit 

underlying the transport component of reach-to-grasp actions (Jeannerod, Arbib, Rizzolatti, & 

Sakata, 1995; Jeannerod, 1997). It is found in the depth of the dorsal branch of the superior 

precentral sulcus at the junction with the caudal end of the superior frontal sulcus (Amiez, 

Kostopoulos, Champod, & Petrides, 2006). 

In the monkey premotor cortex, neurons have been categorized according to task-related 

activity for an instructed delay movement task. Specifically, in the PMd, researchers have 

identified both neurons with sustained activity during delay periods following instruction signals 

of target amplitude and direction, as well as neurons with movement-related activity, before and 

during movement (Kurata, 1993). This would implicate the PMd in movement planning as well as 

execution. A role for PMd in the preparation of reaching movements was based on delay period 

activity in monkeys, which demonstrated directional tuning for the upcoming movement 

(Crammond & Kalaska, 1989). Activity in the PMd occurs before movement onset, shortly after 

target onset (Messier & Kalaska, 2000), and reflected instructed direction of reach, regardless of 
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whether the given instruction was visual or auditory (Weinrich & Wise, 1982). The delay period 

activity was at first thought to be related to the target’s location (Crammond & Kalaska, 1989), 

but later attributed to a kinematic movement plan for reaching movements, because like the delay 

period activity which continued into the reaction time period and did not change in response to 

the trigger signal to go, the kinematic plan for movement also did not change (Crammond & 

Kalaska, 1989; Shadmehr & Wise, 2005). Furthermore, the finding that the selectivity for target 

location did not depend on which hand was used for the movement supported the explanation that 

the activity represents a difference vector (Cisek, 2002).  

The majority of PMd neurons in the monkey encode the kinematic components of the 

movement plan, likely through sequential processing (Kurata, 1993), such that direction coding 

occurs first, followed by target and distance coding (Fu, Flament, Coltz, & Ebner, 1995). A TMS 

study identified a role for human PMd in encoding the movement amplitude for reaches to targets 

in either hemifield (Davare, Zénon, Desmurget, & Olivier, 2015). TMS of the left PMd lead to 

overshoot of targets at all target positions and in both hemifields, confirming the idea that the 

PMd represents movement in a target-independent manner (Cisek, 2002). TMS work suggests 

that PMd is involved in amplitude coding, which is thought to occur after direction coding in the 

mIPS, as part of a cascade for visuomotor transformations occurring in the dorsomedial pathway 

(Davare, Zénon, Desmurget, & Olivier, 2015).  

1.3 Kinematic Measurements of Reaching 

The cortical areas described in the previous section have the ability to store information 

required to form movement plans for performing reaching movements. To identify what form the 

movement plan is at the input of each cortical area, we can assess the characteristics of individual 

reaches under systematic manipulations of IHP and target positions.  
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1.3.1 Endpoint Errors 

Many tasks in daily life require us to accurately reach to a specific target location, and 

although we are really good at performing these movements we still make constant and variable 

errors in goal directed movements. The endpoint error measures the accuracy of the target 

acquisition and is quantified by the distance of the movement endpoint from the target. For 

peripheral reaching movements to visual targets, participants generally overshoot the target away 

from fixation, due to the overestimation of retinal eccentricity (Bock, 1986). A trade-off exists 

between movement accuracy and movement speed (and amplitude) in goal-directed reaching 

(Fitts, 1954; Woodworth, 1899), such that an increased accuracy is related to reduction in 

movement speed. At high speeds, proprioception and vision contribute little to movement 

accuracy while at slower speeds, accuracy is increased primarily by visual control rather than 

proprioception (Woodworth, 1899).  

The endpoint variability of a reaching movement describes its precision. Many studies 

focused on characterizing the distribution of endpoint errors, typically the shape and orientation 

of its covariance ellipse (Hudson & Landy, 2012). Error ellipses have been interpreted in terms of 

the representation of the movement vector or target position (Hudson & Landy, 2012), the 

reference frame (McIntyre, Stratta, & Lacquaniti, 1997; McIntyre, Stratta, & Lacquaniti, 1998), 

and/or execution (Thura & Cisek, 2014; Thura, Beauregard-Racine, Fradet, & Cisek, 2012).  

1.3.2 Velocity  

The velocity of reaching movement measures how quickly the hand moves from the IHP 

to a target. Velocity profiles for fast target-directed movements have been described as single-

peaked, symmetric (Beggs & Howarth, 1972) and bell-shaped (Morasso, 1981). Inflections in the 

velocity profile would indicate sub-movements, which may reflect visually elicited corrections 

(Burdet & Milner, 1998).  
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1.3.3 Trajectory  

The trajectory of point-to-point reaching movements is influenced by a number of 

factors: visual and movement constraints (direct or indirect, 2D or 3D), perceptual distortions, 

kinematic planning and online correction. Trajectories for 2D constrained movements typically 

follow smooth and nearly straight hand paths (Morasso, 1981). On the other hand, unconstrained 

movements executed in 3D space demonstrate trajectories with movement direction-dependent 

curvature (Desmurget, Jordan, Prablanc, & Jeannerod, 1997). Slight curvature has been reported 

for reaches with a horizontal component (Wolpert, Ghahramani, & Jordan, 1995), which was 

attributed to a perceptually distorted external space. Such distortions can lead to errors in the 

representation of external space and consequently influence movement curvature (Miall & 

Haggard, 1995). For 30 cm reaches in the dark, left-right movements demonstrated gentle 

curvature while the up-down movements are straighter. Curvature in the reaching trajectories may 

be attributed to the visual system distorting Cartesian space (Miall & Haggard, 1995), as 

participants perceived curved trajectories as straight, and the curvature of these trajectories 

correlated with the curved trajectories made when reaching without visual feedback (Wolpert, 

Ghahramani, & Jordan, 1995). Therefore, even if straight movements are planned in visual 

coordinates, the resulting movement trajectory may be curved due to distortion by the visual 

system. Nevertheless, unconstrained movement execution with visual feedback constrained to 2D 

exhibited straight hand paths irrespective of movement direction (Palluel-Germain, Boy, 

Orliaguet, & Coello, 2004). The movement trajectory is also influenced by online correction of 

errors in initial movement direction. Terminal “hooks” present in spatial trajectories would 

indicate course adjustments made in the later phase of a reach and may reflect online feedback 

control processes. Late course corrections have been described in long duration reaches, such as 

those lasting 400-500 ms (Scheidt, Conditt, Secco, & Mussa-Ivaldi, 2005).  
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1.4 Transcranial Direct Current Stimulation 

So far we have discussed the programming and execution of arm movements and their 

related brain structures. To probe the role of some specific brain areas like PMd and mIPS, we 

needed a method which can alter the activity in those brain regions to look for possible behavioral 

consequences. We decided to use HD-tDCS as the perturbation method.  

1.4.1 What is tDCS? 

TDCS is a non-invasive stimulation technique involving the application of a weak 

electrical direct current to the scalp to induce polarity-dependent subthreshold modulations and 

consequent changes in cortical excitability in the underlying cortex. The cortical modulations are 

characterized as subthreshold because they modulate neuronal membrane potential, but do not 

directly elicit action potentials. TDCS can be contrasted with TMS, where the stimulation is 

characterized as suprathreshold because TMS can directly induce action potentials and muscular 

contractions (Priori, Hallett, & Rothwell, 2009). The modulations are also characterized as 

polarity-dependent, with anodal stimulation resulting in neuronal depolarization and cathodal 

stimulation in hyperpolarization (Bindman et al. 1962; Purpura & McMurtry, 1965). It is believed 

that through this subthreshold cortical modulation, anodal stimulation promotes neuronal 

excitation in the stimulated cortical area and cathodal stimulation, neuronal inhibition. Such 

polarity-dependent changes in cortical excitability, as quantified using motor-evoked potentials, 

were observed in an early tDCS study of M1 (Nitsche and Paulus, 2000).  

Following the mechanistic insights that tDCS can modulate cortical excitability, tDCS 

has since been applied to many cortical regions to evaluate their influence on various task 

performances across many cognitive domains. These include but are not limited to planning 

(Dockery, Hueckel-Weng, Birbaumer, & Plewnia, 2009), decision making (Fecteau et al., 2007), 

and working memory (Fregni et al., 2005).  
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1.4.2 Factors that Influence tDCS Efficacy 

1.4.2.1 Controllable Factors affecting tDCS outcome 

Several factors, such as electrode size, placement, current intensity, and duration, are 

known to influence tDCS efficacy. Consideration of these factors can help achieve desirable 

control of tDCS efficacy. The electrode size and placement are two determinants of tDCS 

efficacy and they are described in greater detail in a later section on the comparison between 

conventional tDCS and HD-tDCS configurations. Smaller electrode size influences stimulation 

focality (Nitsche et al., 2007), and when factored in with current intensity, determines the current 

density (mA/cm2) and depth of the induced electrical field (Nitsche et al., 2008). Electrode 

placement also influences the depth and focality of stimulation, but additionally they determine 

the current path and spatial accuracy of the stimulation along the cortical surface (DaSilva et al., 

2015; Datta, Elwassif, Battaglia, & Bikson, 2008; Brunoni et al., 2012; Datta, Truong, Minhas, 

Parra, & Bikson, 2012). Current intensity (mA) and duration influence the duration and strength 

of tDCS-induced changes in cortical excitability, such that greater current intensity and duration 

corresponds to stronger changes in excitability and more prolonged after-effects (Nitsche and 

Paulus, 2000). Stimulation duration is typically in the range of 20 to 40 min (To, Hart, De Ridder, 

& Vanneste, 2016). To prolong tDCS effects, it has been suggested that increasing stimulation 

duration is preferred to increasing stimulation intensity, as tolerance (i.e., to pain) sets a necessary 

upper limit to how far intensity can be changed.  

1.4.2.2 Less Controllable Factors affecting tDCS outcome 

Factors which vary between individuals, such as brain anatomy (cortical folds), skull 

architecture and other tissue composition are beyond the control of the experimenter but can 

influence the current flow and therefore tDCS efficacy (Brunoni et al., 2012; Datta, Truong, 

Minhas, Parra, & Bikson, 2012; Datta, Bikson, & Fregni, 2010). The landscape of the cortical 

surface determines the current orientation at the targeted area. Current orientations are typically 



 

13 

 

described as radial or tangential. Radial refers to current flowing into the cortex, while tangential, 

parallel to the cortex (Berker, Bikson, & Bestmann, 2013). These two orientations do not produce 

the same electrophysiological effect (Radman, Ramos, Brumberg, & Bikson, 2009; Rahman et 

al., 2013). For example, tangential current direction is found to more preferentially stimulate 

cortico-cortical axons oriented parallel to the cortex and thereby produce different effects, e.g., 

axonal polarization, than with radial current, e.g., somatic polarization (Rahman et al., 2013). Due 

to the individual differences in the cortical folding of the brain and therefore whether the 

stimulated area is located in a gyrus or sulcus, the electric field distribution under the electrodes 

would differ amongst individuals (Rahman et al., 2013). Consequently, it would not be surprising 

that the same tDCS configuration may induce a radial current at the targeted loci in one 

participant but a tangential current in another. Skull architecture was found to influence the 

electric field distribution, such that current is shunted away from regions of increased skull 

conductivity (Datta, Bikson, & Fregni, 2010), and current density is more reduced when 

electrodes are placed over greater skull thickness (Miranda, Lomarev, & Hallett, 2006). 

Additionally, skin, cerebral spinal fluid (CSF), grey and white matter are electrically conductive 

tissues that differ in composition and anatomy between individuals, which could also contribute 

to variability in current flow. Hence, based on all these less controllable factors, two participants 

receiving the same protocol may vary in the resulting current flow distribution (Chaieb, Antal, & 

Paulus, 2008), and consequently vary in the tDCS-driven effects in cortical excitability and 

behaviour.  

1.4.3 Conventional tDCS vs HD-tDCS 

Conventional tDCS uses two large rectangular pad electrodes, one fixed at the forehead 

and the other over the targeted cortical area (Nitsche and Paulus, 2000). This application produces 

diffuse cortical modulation (Datta et al., 2009), and poor spatial accuracy, as the induced 

electrical field peak magnitude is not found directly underneath the stimulation pad electrode, but 
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at a remote distance from the intended target area (Datta et al., 2009). Therefore, this application 

is not ideal for targeting a specific cortical area.  

However, with the recent introduction of high definition tDCS (HD-tDCS), we now have 

the ability to induce more spatially accurate and focal cortical stimulation (Nitsche et al., 2007; 

Datta et al, 2009). The most commonly used HD-tDCS design is the 4 x 1 arrangement (Kuo et 

al., 2013), which consists of small disc electrodes arranged in a ring. The center electrode, which 

determines the polarity, is placed over the target and the 4 surrounding return electrodes are 

placed around it to guide current flow. In contrast to the location of the electrical field peak 

magnitude induced by conventional tDCS, HD-tDCS proves to provide more superior spatial 

accuracy as peak magnitude induced by this application was located at the sulcus and adjacent 

gyri directly underneath the active electrode (Datta et al, 2009). HD-tDCS also has enhanced 

focality due to the favorable electrode size, ring radius (distance between center and surround 

electrode), and the configuration-determined current paths (Datta, Truong, Minhas, Parra, & 

Bikson, 2012). The 4 x 1 arrangement is regarded as more appropriately designed for inducing 

radially-oriented than tangential currents (Dmochowski, Datta, Bikson, Su, & Parra, 2011). Its 

use of smaller electrodes confines the area of the cortical modulation to help achieve greater 

focality. The ring radius influences the modulation area as well as the electrical field depth, such 

that smaller ring radius increases stimulation focality (DaSilva et al., 2015), while larger ring 

radius increases depth of penetration (Datta, Elwassif, Battaglia, & Bikson, 2008). A ring radius 

of 3cm was selected in our experiment to achieve high stimulation focality, but other studies have 

used ring radii ranging between 3 to 7.5cm (To, Hart, De Ridder, & Vanneste, 2016).  

The configuration of the active and return electrodes influences the current path (Brunoni 

et al., 2012). During anodal stimulation, for example, current travels densely inward within the 

cortical region underlying the central electrode, and diffusely outward towards the 4 return 

electrodes (Datta, Elwassif, Battaglia, & Bikson, 2008; Datta, Truong, Minhas, Parra, & Bikson, 
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2012). During cathodal stimulation, the current travels in the reverse direction. Current flow is 

confined within the perimeter of the ring thereby limiting the affected cortical area (Datta, 

Truong, Minhas, Parra, & Bikson, 2012), and this also provides more consistent current 

distribution across participants than would be possible with conventional tDCS (Datta, Truong, 

Minhas, Parra, & Bikson, 2012). Tolerability of HD-tDCS protocols with up to 2 mA and 20 min 

in healthy participants has been established (Kuo et al., 2013; Borckardt et al., 2012; Nikolin, 

Loo, Bai, Dokos, & Martin, 2015).  

In summary, the 4x1 HD-tDCS configuration significantly enhances tDCS application 

and make it possible to target cortical structures with spatial accuracy and precision. Therefore, 

for our purposes, the HD-tDCS setup was the preferred method over conventional tDCS. 

1.4.4 Potential Mechanisms of Action 

Beginning at the scalp, the applied current is shunted through the skin, skull and CSF, 

with a significant portion reaching and penetrating the cortical surface (Miranda, Lomarev, & 

Hallett, 2006). Various effects of tDCS on cortical substructures have been described although 

the exact cellular and molecular mechanisms of tDCS is still unclear (Utz, Dimova, Oppenländer, 

& Kerkhoff, 2010; Wagner et al., 2007). Here, we review some of the proposed mechanisms from 

the literature, including neuronal, glial, membrane channels, neurotransmitter and 

neuromodulator systems.  

It is widely believed that tDCS alters the neuronal membrane potential and in turn the 

likelihood of spontaneous neuronal activity (Nitsche et al., 2008). Anodal stimulation is thought 

to produce somatic depolarization of pyramidal cortical neurons and apical dendrite 

hyperpolarization, while the cathodal stimulation, somatic hyperpolarization of pyramidal cortical 

neurons and apical dendrite depolarization (Radman, Ramos, Brumberg, & Bikson, 2009; Zaghi, 

Acar, Hultgren, Boggio, & Fregni, 2010). The conductance of voltage-gated sodium and calcium 

channels influences the membrane potential (Medeiros et al., 2012) and are therefore implicated 
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as part of the tDCS mechanism. Calcium channel blockers attenuated, while sodium channel 

blockers abolished anodal tDCS- induced enhancement in cortical excitability (Liebetanz, 

Nitsche, Tergau, & Paulus, 2002; Nitsche et al., 2003).  

Glial cells, such as astrocytes and microglia, may contribute to the enduring effects of 

tDCS on the basis of their roles in synaptic development and control. Astrocytes are considered 

critical in the development of and function of neural circuits (Clarke & Barres, 2013). Microglia 

are involved in innate neuro-inflammatory processes to remove damaged or unnecessary synapses 

(Rueger et al., 2012). Long-term effects have been attributed to induced synaptic transmission 

changes from glial stimulation and ensuing changes in the membrane potential and 

neurotransmitter balance. From the perspective of neurotransmitter modulation, the effects of 

tDCS have been examined either by blocking or enhancing neurotransmitter activity. As a result, 

several neurotransmitters have been implicated, such as dopamine, acetylcholine and serotonin 

(Fresnoza et al., 2014; Kuo, Grosch, Fregni, Paulus, & Nitsche, 2007; Nitsche et al., 2009).  

TDCS-induced changes in glutamatergic and GABA-ergic activity may mediate the after-

effects of tDCS linked to changes in synaptic plasticity and LTP and LDP-like changes (To, Hart, 

De Ridder, & Vanneste, 2016). Many studies suggest that tDCS-dependent excitability changes 

depend on the NMDA receptor, as suggested from the administration of an NMDA-receptor 

blocker, dextromethorphan, which abolished both polarity-induced after-effects (Liebetanz et al., 

2002; Nitsche et al., 2003), and the observation that NMDA agonist, D-cycloserine, prolonged the 

increase in cortical excitability following anodal tDCS (Nitsche et al., 2004). Additionally, 

modulation of the GABA-ergic system may also play a role, as suggested from a magnetic 

resonance spectroscopy study that found locally decreased cortical GABA concentrations after 

stimulation of both polarities (Stagg et al., 2009).  

Direct current stimulation most likely affects neural function by altering the processing of 

afferent synaptic input through polarizing presynaptic axons and/or dendrites either by changing 
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EPSP amplitude or shifting the action potential initiation zone (Bikson et al., 2004). Local 

polarization studies of subcortical neuronal system in anaesthetized animals provide evidence that 

tDCS can exert its effects by influencing the presynaptic activity of a stimulated area (Bączyk & 

Jankowska, 2014). Within the interpositorubrospinal neuronal network, the interpositorubral 

neurons are the main source of input to the rubrospinal neurons in the red nucleus. The authors 

reported that increased excitability, as measured by the greater probability of antidromic 

(opposite to normal conduction direction) activation of interpositorubral neurons, was induced by 

stimulation of the red nucleus and this was thought to reflect the depolarization of pre-synaptic 

axonal branches. The effect of tDCS on presynaptic activity exceeded the duration of stimulation, 

and this was thought to be the main source of the enduring effects demonstrated by tDCS. It is 

thought that direct activation of the RN was an unlikely main contributor for the effects of tDCS, 

due to its much smaller effect compared to presynaptic activity. Another study demonstrated that 

the effects of directly evoked activity of the RN was too short-lived compared to the duration of 

tDCS to be the main mechanism (Bolzoni, Bączyk, & Jankowska, 2013; Bączyk & Jankowska, 

2014). The presynaptic mechanism of tDCS effects is believed to also exist in cortical neuronal 

networks (Bączyk & Jankowska, 2014). Based on these observed changes in the presynaptic 

axons that provide afferent input to neurons in the region that is stimulated, our interpretations 

about the properties of mIPS and PMd will specifically be attributed to the input level of the 

stimulated cortical area rather than within or downstream to stimulated regions, i.e., effect on 

synaptic transmission and post-synaptic neurons.  

1.4.5 Using tDCS to study brain function 

Some consider tDCS a promising tool for research of structure-function relationships due 

to its ability to non-invasively and reversibly modulate cortical excitability (Nitsche & Paulus, 

2000). Coupled with the greater stimulation focality offered by the high definition 4 x 1 

configuration, we potentially have the tool to study the function of a more specific cortical area. 
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One deterrent from popular use of tDCS in human research is the perception that tDCS cannot 

effectively induce observable effects - a discouraging perception based on studies that did not use 

sufficient current intensities and stimulation durations to be effective (Nitsche & Paulus, 2000). 

We take the influence of current intensity and stimulation duration into consideration and applied 

20 min of 2 mA stimulation. It is recognized that changes in behavior are not predictable solely 

based on changes in cortical excitability (Nozari, Woodard, & Thompson-Schill, 2014). But on 

the other hand, when obvious changes in behavior are present, this would provide reasonable 

incentive to speculate the functional roles and properties of locally perturbed brain areas.  

1.5 Research Objectives, Hypothesis, and Rationale 

We sought to explore whether HD-tDCS of the mIPS and PMd in the left hemisphere 

would affect performance in a movement planning task and infer the functional roles of these two 

regions based on performance changes. We hypothesized that anodal and cathodal stimulation 

would produce opposite performance changes.  

We attempt to answer the following research questions: 

1. Can HD-tDCS of mIPS and PMd affect movement planning? If so, how? 

2. What are the functional differences between mIPS and PMd? What part of the movement 

plan (i.e., IHP, target position, or difference vector) is encoded in the mIPS and PMd? 

We stimulated the mIPS and PMd in the left hemisphere and asked participants to 

perform reaches using the right hand on the basis that the neural circuitry for controlling each 

limb is largely confined to contralateral halves of the brain. We hypothesized polarity-specific 

behavioral effects on the basis of polarity-specific neurophysiological effects, i.e., somatic 

depolarization (hyperpolarization) by anodal (cathodal) stimulation.  
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Chapter 2 

Methods & Apparatus 

2.1 Participants  

Ten healthy right-handed volunteers (age range: 20 – 39; 7 females) participated in this 

experiment. All participants had normal or corrected-to-normal vision. Participants performed 

two tasks with their dominant right hand: first, a localizer session and then the main experiment. 

The localizer session consisted of one functional scan and one anatomical scan. Subsequently, all 

subjects made 4 visits for HD-tDCS experiment, with a one-week interval between visits to 

extinguish carry-over effects. All participants gave their written informed consent to the 

experimental conditions that were approved by the Queen’s University General Board of Ethics, 

in compliance with the Declaration of Helsinki. 

2.2 MRI Acquisition & Localizer Task 

MR imaging was performed at the Queen’s MRI facility using a 3-Tesla Magnetom Trio 

scanner (Siemens Medical Systems, Erlangen, Germany). The left mIPS and PMd were 

functionally localized on an individual-basis using functional magnetic resonance imaging 

(fMRI) using an interleaved center-out pointing and saccade task (Figure 1).  Functional MRI 

volumes based on the blood oxygenation level-dependent (BOLD) signal were collected using 

T2*-weighted gradient echo planar imaging with 24.0 cm field of view with 80 x 80 matrix size 

for an in-plane resolution of 3mm, repetition time (TR) = 2 s; time to echo (TE) = 30 ms, and 

flip angle (FA) = 90°. Each volume comprised of 35 contiguous axial slices acquired in an 

interleaved order along the anterior commissure-posterior commissure (AC-PC) line. A 176 

slice, high- resolution T1- weighted anatomic reference volume was acquired along the same 

orientation as the functional images using a 3D MP-RAGE sequence (single shot, ascending 
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sequence in the sagittal plane with TR = 1760 ms, TE = 2.2 ms, FoV = 256 mm, flip angle = 9°, 

and voxel size = 1 mm3).  

 The purpose of the localizer was to identify reaching- and saccade-related ROIs. The 

reaching-related ROIs were used to guide the placement of HD-tDCS electrodes for the main 

experiment. Hence, the fMRI localizer session was conducted on a separate day prior to the HD-

tDCS sessions. Inside the MRI, the participant rested supine and wore a 32-channel head coil. 

All stimuli were rear-projected using an LCD projector (NEC LT 265 DLP projector; resolution, 

1024 x 768; 60 Hz refresh rate) onto a screen mounted behind the participant, and viewed by the 

participant via a mirror mounted to the head coil directly above the eyes. The participants were 

presented with a circular arrangement of 8 white circles (~15 degrees of visual angle) 

surrounding a central red or green square, with a 2 s inter-trial interval. Participants were 

instructed to make self-paced center-out pointing movements to each white circle in the circular 

arrangement while fixating on a central fixation square when it was red and execute center-out 

saccades when the central square was green. In each movement block (pointing and saccade 

conditions), participants started each respective center-out movement towards the 12 o’clock 

white circle and proceeded in a clockwise manner until the end of the block. The reach-saccade 

localizer included 8 reaching blocks (16 s per block), 8 saccade blocks (16 s per block), and 3 

fixation/baseline blocks (10 s per block), which were placed at the beginning, middle and end of 

the run. The run lasted 5 min 22 s (157 brain volumes).  

Data from the localizer run were superimposed on the corresponding participant’s high 

resolution anatomical image, aligned on the plane between the anterior commissure and posterior 

commissure. All preprocessing and univariate analyses were performed using Brain Voyager QX 

version 2.6 (Brain Innovation). Preprocessing for the localizer data included slice scan-time 

correction, 3D motion correction (alignment of the first volume of the functional scan, which 

was closest in time, to the anatomical scan), high-pass temporal filtering of 3 cycles/run, 
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functional-to-anatomical co-registration, and spatial smoothing (trilinear-sinc interpolation 

performed during realignment and sinc interpolation performed during reorientation). The 

BOLD signal was contrasted between the pointing condition and the fixation condition to 

identify the hotspots of the left mIPS and left PMd. We contrasted the pointing and fixation 

conditions rather than the pointing and saccade conditions due to known regional activation 

overlap in response to saccade and reach planning (Vesia et al., 2010). In each participant, the 

left mIPS and left PMd were reliably identified by significantly higher response during the 

pointing condition compared to the fixation condition. The location of the left mIPS was defined 

by selecting the voxel or voxel cluster with peak activity medial to the intraparietal sulcus in the 

left hemisphere (Vingerhoets, 2014). The location of the left PMd was defined by selecting the 

voxel or voxel cluster with peak activity at the junction of the precentral sulcus and the superior 

frontal sulcus in the left hemisphere (Amiez, Kostopoulos, Champod, & Petrides, 2006). 

 

Figure 1: Functional localizer task display.  
Participants performed the localizer task while laying supine inside the MRI. The visual stimuli were rear-
projected using an LCD projector. Participants were instructed to fixate when the white square appears, and 
either perform center-out reaches with the right hand or saccades when the white square turns respectively, 
red or green. Participants started each respective center-out movement towards the 12 o’clock white circle 
and proceeded in a clockwise manner until the end of the block. 

2.3 Co-registration  

On each experimental day, Brainsight (Rogue Research Inc., Montreal, Quebec) was used 

to identify the scalp location to guide electrode placement such that the peak electric field would 

be directed at the target area for HD-tDCS. Prior to marking the scalp, participants washed and 

dried their hair to help improve conductance at the scalp later on for HD-tDCS. The nasion, nose 

tip, left and right inter-tragal notches were used as landmarks to guide participant-image 
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registration, and the targets (peak voxel representing the left mIPS and PMd) were selected as the 

foci for stimulation from the superimposed functional image data. The marked scalp location was 

an inline projection of the target mapped onto the scalp that minimized the distance between it 

and the target. The MNI coordinates of each intended site of stimulation were recorded for 

comparisons with those reported in the literature. The mean normalized MNI coordinates 

(±standard deviation [SD]) of the stimulation points were −25 ± 5, −58 ± 6, and 52 ± 6 mm for 

the left mIPS and -25 ± 6, −9 ± 5, and 59 ± 5 mm for the left PMd (x, y, z), consistent with the 

locations reported in studies using various approaches (mIPS coordinates reported in fMRI 

studies: Davare, Zenon, Pourtois, Desmurget, & Olivier, 2012; Grefkes, Ritzl, Zilles, & Fink, 

2004; Prado et al., 2005; Stark & Zohary, 2008; Blangero, Menz, McNamara, & Binkofski, 2009; 

mIPS coordinates used in TMS studies: Vesia, Prime, Yan, Sergio, & Crawford, 2010; Davare, 

Zenon, Pourtois, Desmurget, & Olivier, 2012; PMd: Meta-analysis of 31 studies, Mayka, Corcos, 

Leurgans, & Vaillancourt, 2006; PMd coordinates reported in fMRI study: Gallivan, McLean, 

Smith, & Culham, 2011). 

 
Table 1. MNI coordinates reported in studies using different approaches. 
 
Source	 Approach	 Region	 x	 y	 z	
Davare,	Zenon,	Pourtois,	Desmurget,	&	Olivier,	2012	 TMS	 Left	mIPS	 −32	±	5	 −49	±	6	 46	±	9	
Grefkes,	Ritzl,	Zilles,	&	Fink,	2004	 fMRI	 Left	mIPS	 −28	 −50	 52	
Present	study	 	 Left	mIPS	 −25	±	5	 −58	±	6	 52	±	6	
Mayka,	Corcos,	Leurgans,	&	Vaillancourt,	2006	 Meta-

analysis,	ALE	
Left	PMd	 −30	 −4	 58	

Gallivan,	McLean,	Smith,	&	Culham,	2011	 fMRI	 Left	PMd	 −28	±	3.9	 −14	±	4	 53	±	4.3	
Present	study	 	 	 −25	±	6	 −9	±	5	 59	±	5	
 

2.4 High-Definition Direct Current Stimulation 

HD-tDCS was administered for 20 min for a current strength of 2mA. Sintered Ag/AgCl 

ring electrodes (1cm diameter) were used to deliver continuous direct current generated by a 

microprocessor-controlled constant current source (DC-STIMULATOR MC, NeuroConn GmbH, 

Ilmenau, Germany). A 4x1 electrode configuration was used, where the central electrode was 
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placed over the marked scalp location from co-registration, and surrounded by four pick-up 

electrodes at a radius of 3 cm. To improve the conductance, hair was separated under the scalp 

using cotton swabs and electrodes were stabilized within plastic holders filled with conducting 

gel embedded in a mesh cap fastened on the participant’s head with straps. An impedance check 

was performed prior to the start of the experiment to ensure appropriate impedance limits (< 20 

kΩ).  

Anodal and cathodal stimulation were administered to the left mIPS and the left PMd on 

separate days, for a total of 4 sessions. At each site, the stimulation polarity was randomly 

counterbalanced across participants. Each session consisted of three conditions, pre-stimulation 

(control), stimulation, and post-stimulation and each participant completed 250 trials per 

condition (50 trials per block x 5 blocks per condition), for a total of 750 trials per session (Figure 

2). 

 
Figure 2. Schematic representation of the experimental protocol.  
Pre blocks 1 - 5 were collected prior to stimulation to measure the participant’s baseline performance for 
that day. For stim blocks 1 - 5, anodal or cathodal tDCS was applied to either the left mIPS or the left PMd 
for 20 min. After stimulation, post blocks 1-5 were collected to examine how tDCS-induced effects evolve 
over time. EEG activity was collected in pre blocks 1-5 and post blocks 1-5. 

2.5 Experimental Setup  

Participants were seated in a dark room with their head immobilized in an upright 

position by individual dental impressions attached to a tilted reaching setup, such that their 

straight-ahead gaze aligned with a fixation cross (Figure 3). Visual stimuli (i.e., initial hand 

position, fixation cross, target) were presented on a tilted overhead monitor and viewed in a 

tilted semi-silvered mirror located midway between the tilted reaching surface and the monitor. 

All surfaces were tilted at 30°. This setup facilitates eye-tracking as well as allows more 
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comfortable reaching. Hand position was occluded by the semi-silvered mirror but was displayed 

as a representative visual marker to guide the initial alignment of the right index fingertip to the 

starting position and extinguished at movement onset.  
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Figure 3. Schematic representation of experimental setup.  
Participant is seated upright in front of a virtual reality set-up with their head immobilized by an individual 
dental impression. Visual stimuli is presented on an overhead monitor and viewed in a semi-transparent 
mirror, which allowed the reflected visual stimuli to be in the plane of the reaching surface.  
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Eye fixation was monitored using EyeLink 1000 eye tracking system (SR Research; 

sampling rate, 500 Hz; accuracy, 0.5°). Hand movement data were obtained by localizing the 3D 

position of infrared light-emitting diodes taped to the tip of the right index finger (Optotrak 

Certus; Northern Digital; sampling rate, 400 Hz; accuracy, 0.1 mm).  

We also recorded a measure of cortical excitability in the targeted cortical regions using 

electroencephalography (V-Amp 16, Brain Products; OpenViBE driver Vamp-16 EEG amplifier). 

The same sintered Ag/AgCl electrodes used for HD-tDCS were used for this purpose. 

Additionally, a reference electrode was attached to the skin surface above participant’s vertebrate 

C7 and a ground electrode was attached to the elbow.  

2.6 Task Design 

Participants were asked to perform reaching movements from one of 2 initial hand 

positions (7.5cm left/right of midline) to one of 4 randomly chosen briefly flashed targets (20cm 

distant, 5cm apart horizontally) while fixating on a straight-ahead cross located on the target line. 

The trial began with the presentation of a marker to direct the participant to the initial hand 

position (IHP). Once the participant aligned their right index fingertip to the IHP, the IHP cue 

extinguished and a fixation cross appeared (500 – 1000 ms after trial start), during which a target 

was briefly presented. The participant was allowed to move immediately in response to the brief 

presentation of the target and was instructed to maintain their gaze on the fixation cross when the 

target flashed as well as during the reaching movement. Reaching task display and timings are 

presented in Figure 4, and outlined above eye position (Figure 5B), hand position (Figure 5C) 

and velocity plots (Figure 5D) for an exemplary participant reach (Figure 5A). All target-

directed reaches were performed without visual feedback of the hand. Instructions were given 

first and practice (10 trials) was completed before moving onto the main task. The entire task, 

including practice took about 1 hour. 
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Figure 4: Reaching task display and timing.  
A typical trial begins with the participant aligning their right index finger (indicated by a visible marker) to 
the IHP cue. Vision of the hand is occluded by the semi-silvered mirror. However, the participant is 
provided with a marker representing the hand position prior to target-directed reaching. A fixation cross 
then appears, followed by the brief presentation of the target. The participant then moves immediately to 
the target and the marker indicating hand position is extinguished at the onset of movement. Target viewing 
and target-directed reaches are performed with peripheral vision. 

IHP 

 . 

 

Marker for hand 
position 

 



 

28 

 

  
Figure 5: Typical participant trial. 
(A) Raw reaching trajectory from a typical trial. The required reach begins at the initial hand position, IHP, 
and ends at the target (red open circles). The blue line represents the participant’s hand trajectory. In this 
trial, the participant starts the reach with an IHP offset to the right by 7.5 cm. (B) Eye gaze traces. 
Horizontal (blue) and vertical (green) eye positions, from EyeLink recordings. Horizontal and vertical 
target position (dotted lines) are also plotted over time. Participants were instructed to keep the eyes fixated 
on the fixation cross (located at 0, 20 cm) throughout the trial. (C) Hand position traces. Horizontal (blue) 
and vertical (green) hand positions (solid lines) and horizontal and vertical target position (dotted lines) 
plotted over time. The trial begins when the subject aligns the fingertip indicator with the visual IHP and 
the simultaneous onset of the fixation cross. The fixation cross remains on until the end of the trial. The 
target then appears briefly. Participants were instructed to move in response to the flash of the target. 
Movement start and end times are represented by teal and black lines. (D) Hand velocity traces. Horizontal 
(blue), vertical (green), and vector (teal) hand velocities plotted over time. 
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2.7 Data analyses 

A low-pass, auto-regressive forward-backward filter (cutoff of 50Hz, eye data; 25Hz, 

hand) was used to smooth the data. Offline analyses were performed in MATLAB (The 

Mathworks, Natick, MA). Trials in which participants shifted their gaze away from the fixation 

cross or blinked after the onset of visual target display were removed to abolish the effects of 

remapping (Figure 5B).  

The following movement kinematics of the reaching task performance were calculated: 

horizontal and vertical endpoint error, directional error, amplitude error, endpoint variability, 

movement time, and reaction time. The end of a reach was defined by a threshold of 1 cm/s. The 

horizontal and vertical endpoint error were quantified as the horizontal and vertical components 

of the displacement of the reach endpoint with respect to the target location. The directional error 

was defined as the angle between the line connecting IHP to target and the line connecting IHP 

to the reaching endpoint. Amplitude error was calculated as the overshoot or undershoot in the 

direction of the movement vector. The endpoint variability was quantified as the area of the 

standard deviational ellipse of reach endpoints for each target position and IHP combination. 

Movement time was defined as the time span between the onset (10% of maximum velocity) and 

end of finger movement (< 1 cm/s). Reaction time was defined as the time taken to respond to 

the onset of the target. 

Repeated measures ANOVAs were performed on changes in horizontal endpoint error, 

vertical endpoint error, direction error, amplitude error, and endpoint variability, with the 4 

factors, target location (-10, -5, 5, 10 cm), IHP (-7.5, 7.5 cm), polarity (anodal, cathodal), and 

site of stimulation (left mIPS, left PMd) at each epoch (change from baseline, during and after 

stimulation). Where the Mauchly’s Test of Sphericity indicated that the assumption of sphericity 

had been violated, ANOVA statistics were corrected for inhomogeneity of variance using the 

Greenhouse-Geisser correction. Three-way interactions were examined at each level of the 
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fourth variable (site of stimulation), followed by two-way interactions at each level of the third 

variable (polarity). We were most interested in the interaction effects of IHP x target position, 

and/or main effects that would allow us to distinguish how the mIPS and PMd differ in their 

level of movement coding.  
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Chapter 3 

Results 

All participants completed both sessions without complaints of fatigue or distress. 

Participants were unaware of the polarity of tDCS and were therefore effectively blinded to the 

stimulation polarity. A total of 26854 trials were analyzed, with 3146 trials excluded (11.72%) 

due to breaks in fixation or incomplete optotrak data about the initial and final positions. 

The results of our analyses can be outlined as follows. First, we report general 

observations with respect to trajectory, position and velocity profiles, and reaction and movement 

timing to determine whether tDCS has any effects on these parameters. Then, we present our 

main findings for endpoint error, which allowed us to answer the main question with respect to 

the parameter controlled in guiding point-to-point reaching. Finally, we present the results of 

curvature analyses, which allowed us to determine whether tDCS has an effect on curvature, in 

order to address alternative hypotheses.  

3.1 General Observations 

3.1.1 Reach Trajectories  

Hand paths in Cartesian space were typically straight overall as expected (Morasso, 

1981). Reach paths of an exemplary participant from all reaches from one block are shown 

(Figure 6), and demonstrate that typical overshooting which is apparent in the vertical (near-far 

axis) as well as the horizontal (left-right) directions.  
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Figure 6: Reaching trajectories.  
Baseline trajectories made by an exemplary participant (P3) towards all targets starting from both IHPs for 
one block of trials, shown in blue lines. Red circles indicate starting hand positions (-7.5, 7.5 cm from 
midline) and target positions (-10, -5, 5, 10 cm from midline, 20 cm distant).  
 

3.1.2 Hand Position and Velocity Profiles 

To ensure that there were no changes in potential error correction mechanisms or online 

movement dynamics, we examined trajectories in terms of hand position and velocity in the near-

far axis. The hand position and velocity profiles during and following anodal and cathodal tDCS 

were essentially unchanged compared to baseline. Figure 7 and 8 illustrate an exemplary 

participant’s average hand position and average velocity profiles for equal distance reaches (to 

targets in the same spatial hemifield as the IHP) before, during, and after anodal and cathodal 

tDCS. The position profiles along the near-far axis were nearly identical across conditions and the 

single peaked, symmetric bell-shape of the velocity profile was not affected by anodal or cathodal 

tDCS. As expected, there were no irregularities of additional valleys or inflections in the velocity 

profiles (Figure 9).  
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Figure 7: Average reaching position profiles.  
Average position along the near-far axis for a representative participant, for equal distance reaches (towards 
targets located in the same hemifield as the IHP), before, during and after anodal and cathodal mIPS and 
PMd tDCS. The position profiles along the near-far axis were nearly identical across conditions. 
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Figure 8: Average velocity profiles.  
Average hand velocities of a typical participant for equal distance reaches (towards targets located in the 
same hemifield as the IHP), before, during and after anodal and cathodal mIPS and PMd tDCS. The 
velocity profiles along the near-far axis were nearly identical across conditions.  
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3.1.3 Reaction Time and Movement Time 

We examined the reaction time (RT) and movement time (MT) to examine effects of 

tDCS on information processing and movement execution. The group mean RT and MT (Tables 

2 and 3) were compared across conditions (before, during, and after stimulation) for each polarity 

using Tukey’s method for multiple comparisons. The group mean RT was not significantly 

different across conditions for the anodal or cathodal mIPS and PMd sessions (all ts < -.14, all ps 

> .05). The group mean MT also did not differ significantly across conditions for the anodal or 

cathodal mIPS and PMd sessions (all ts > .126 or t < -.097, all ps > .05).   

The baseline RT and MT were compared across sessions using RM ANOVAs to 

determine if there were differences in information processing and movement execution across the 

four sessions. Neither RT, F (3, 27) = .7015, p (Greenhouse-Geisser) = .4735, nor MT, F (3, 27) 

= 1.043, p = .3895, differed significantly across days. The group mean baseline RT across all 

sessions was 288.5 ± 9.247 ms (SEM). The group mean baseline MT across all sessions was 

595.67 ± 15.67 ms (SEM). 

 
Table 2. Mean reaction time (+/- SE).  
Mean reaction times at baseline, during and after anodal and cathodal mIPS and PMd stimulation epochs. 
	 Anodal	 Cathodal	
	 Before	 During		 After		 Before	 During		 After		

	 Mean	 SE	 Mean	 SE	 Mean	 SE	 Mean	 SE	 Mean	 SE	 Mean	 SE	
mIPS	 277.45	 12.68	 266.82	 9.55	 265.16	 11.4	 288.55	 19.49	 276.01	 16.27	 273.63	 17.23	
PMd	 286.83	 17.49	 276.95	 15.69	 262.62	 13.76	 301.17	 24.57	 295.21	 33.46	 294.13	 31.79	

	

Table 3. Mean movement time (+/- SE).  
Mean movement time at baseline, during and after anodal and cathodal mIPS and PMd stimulation epochs. 
	 Anodal	 Cathodal	
	 Before	 During		 After		 Before	 During		 After		

	 Mean	 SE	 Mean	 SE	 Mean	 SE	 Mean	 SE	 Mean	 SE	 Mean	 SE	
mIPS	 613.9	 39.34	 582.4	 28.35	 560.4	 22.05	 587.5	 25.28	 583.0	 25.94	 587.1	 27.16	
PMd	 583.2	 32.85	 588.45	 27.95	 582.5	 26.48	 598.0	 30.46	 587.9	 22.92	 575.3	 21.13	
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3.2 Endpoint Analyses 

The goal of this experiment was to determine how the left mIPS and left PMd differ in 

vector coding of the movement plan. We hypothesized polarity-specific differences in reach-

planning task performance during and after mIPS or PMd tDCS relative to baseline. The task 

required the participant to start from an IHP before indicating target location. The target appeared 

in one of four possible locations, displaced 5 cm apart horizontally from the fixation cross in a 

target line 20 cm distant. Assuming that vector planning is adopted prior to making movements, 

IHP-dependent error patterns would suggest that the movement vector is not yet formed at the 

input level of the region that is stimulated. In other words, the IHP and target positions are 

independently coded. On the other hand, if movement patterns were independent of the IHP, then 

we would consider that the movement vector is formed at the input level of the stimulated region.  

The sequence of conducting repeated measures ANOVA analyses are as follows. First, 

we conducted a full RM-ANOVA with the factors: polarity, IHP, target position, and stimulation 

area for each epoch (during and after tDCS). Then we broke down the RM-ANOVA analyses 

according to stimulation area, then further by polarity, until left with only two factors IHP and 

target position to examine possible interaction effects at each stimulation area * polarity * epoch 

combination. This was done for horizontal and vertical endpoint errors. 

3.2.1 Endpoint Accuracy 

The primary measure of interest of reaching performance was endpoint accuracy, as 

measured by the displacement in the horizontal and vertical dimensions at movement termination. 

We focused on horizontal and vertical endpoint errors rather than amplitude and direction errors 

because it has been suggested that early representations of the target are coded in a gaze-centered 

reference frame (Henriques et al., 1998), while the difference vector is possibly represented in a 

body-centered reference frame (Flanders, Tillery & Soechting, 1992). As targets are coded in 

gaze-centered coordinates, we would expect horizontal errors because on the retina, the targets 
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were all arranged in a horizontal line. Hence, analyzing horizontal and vertical error makes more 

sense than amplitude and direction. 

3.2.1.1 Horizontal Endpoint Error 

We first report effects after cathodal stimulation because this polarity and epoch 

combination produced noticeable effects on horizontal endpoint error. The effects of other 

polarity and epoch combinations are reported later on in this section. 

 

Post-cathodal tDCS changes in horizontal endpoint error 

We found that cathodal tDCS altered the horizontal component of the endpoint error in a 

different manner across stimulation sites, which allowed us to distinguish their contributions to 

movement vector planning. At the individual level, when we examined the horizontal endpoint 

error changes after cathodal left mIPS stimulation, we observed an IHP-dependent effect on reach 

endpoints. Specifically, there was a contraction effect on reach endpoints for reaches starting 

from the left IHP, but an expansion effect for reaches starting from the right IHP (Figure 10). 

Contrastingly, cathodal left PMd stimulation produced no IHP-dependent effect on reach 

endpoints. There was a similar contraction effect for reaches starting from either IHPs (Figure 

11).  
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Figure 10: Reach endpoints before and after cathodal mIPS stimulation. 	

Standard ellipses of reach endpoints for each target location, with individual reach endpoints shown below, 
for all trials before (dotted teal and magenta) and after cathodal mIPS stimulation (solid blue and red), 
separated into reaches starting from the left (blues) and right IHP (reds), from a representative participant. 
The hand indicates the IHP and the intersections of the dashed guidelines represent target locations. It 
appears that there is a horizontal contraction effect of stimulation on the endpoints for reaches starting from 
the left IHP, but a horizontal expansion effect on the endpoints for reaches starting from the right IHP. 
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Figure 11: Reach endpoints before and after cathodal PMd stimulation.  
Standard ellipses of reach endpoints for each target location, with individual reach endpoints shown below, 
for all trials before (dotted teal and magenta) and after cathodal PMd stimulation (solid blue and red), 
separated into reaches starting from the left (blues) and right IHP (reds), from a representative participant. 
The hand indicates the IHP and the intersections of the dashed guidelines represent target locations. It 
appears that there is a horizontal contraction effect of stimulation on the endpoints for reaches starting from 
either IHPs. 
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We conducted two separate two-way repeated measures ANOVAs at the group-level with 

the within-subject factors of IHP and target position, following the sequence of RM-ANOVAs as 

described previously, on the change in horizontal error post vs pre-cathodal stimulation for each 

stimulation site. We began with the full 4-way RM-ANOVA consisting of the within-participant 

factors IHP, target position, polarity, and site, and found significant main target effect (F(3, 288) 

= 9.46, p = .0002), target*site interaction effect (F(3, 288) = 3.94, p = .0188), 

target*IHP*polarity interaction effect (F(3, 288) = 3.36, p = .0333), and IHP*polarity*site 

interaction effect (F(1, 288) = 31.2, p = .0003). To follow up the significant interactions 

consisting of the site term, we conducted separate 3-way RM-ANOVAs at each level of site, with 

the within-participant factors, polarity, target, and IHP. We found significant target*IHP*polarity 

interaction effect at the mIPS (F(3,144) = 4.26 , p = .0138), and significant target main effect 

(F(3,144) = 13.8 , p < .0001) and IHP*polarity interaction effect (F(1,144) = 4.07 , p = .0288) at 

the PMd. We then followed up the significant interaction effects by conducting separate 2-way 

RM-ANOVAs at each level of polarity. 

We were particularly interested in IHP x target position interaction effects or main effects 

of IHP and target position separately as this information would tell us the level of movement 

vector coding in the mIPS and PMd. We found that there was a difference in the cathodal 

stimulation-induced horizontal endpoint error patterns between the stimulated areas, left mIPS 

and left PMd. At the left mIPS, an RM-ANOVA of the post-cathodal change in horizontal 

endpoint error yielded a target x IHP interaction effect, F(3, 72) =3.31, p = .0350. A significant 

interaction of IHP by target position means that the pattern across target positions in the left and 

right IHP conditions (starting from the left or right) are different. This would be consistent with 

separate IHP and target position coding at the input of mIPS. Contrastingly, at the left PMd, the 

same RM-ANOVA yielded separate main effects of IHP, F(1, 72) = 7.7, p = .0216 and target 
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position, F(3, 72) = 7 , p = .0012. This would indicate that the movement vector was modulated 

independently if IHP, which is consistent with movement vector coding at the input of PMd. 

 

 
Figure 12: Group-level post-cathodal tDCS change in the horizontal endpoint error relative to baseline.  
Change in the horizontal component of reaching endpoint across target positions after cathodal stimulation 
of the left mIPS (left) and left PMd (right), separated according to left IHP (blue) and right IHP (red). 
Positive values represent endpoint falling to the right of the target and negative values represent endpoints 
falling to the left of the target. Error bars represent SEM. RM-ANOVAs of the post-cathodal change in 
horizontal endpoint error yielded a significant target x IHP interaction effect (* indicates p < .05) at the 
mIPS, suggesting independent IHP and target coding at the input of mIPS. Conversely, significant IHP and 
target main effects found at the PMd suggest that IHP and target position may be integrated into a 
movement vector code at the input of PMd.   
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3.2.1.2 Vertical Endpoint Error 

Post-cathodal tDCS changes in vertical endpoint error 

Our primary focus was on the horizontal endpoint error because the experiment was 

designed to see target effects in the horizontal direction and we did not manipulate the vertical 

target position in our experimental design. However, we examined vertical endpoint error for 

consistency with the horizontal endpoint error results. They are included here to demonstrate 

consistency across the two dimensions of endpoint error (Figure 13). Like before, we began with 

a full 4-way RM-ANOVA consisting of the within-participant factors of IHP, target position, 

polarity, and site. We found significant IHP*polarity*site interaction effect (F(1,288) = 5.89, p = 

.0382). To follow up the significant interaction effect, we conducted separate 3-way RM-

ANOVA at each level of stimulation site, with the within-participant factors of polarity, target, 

and IHP. We found significant target main effect (F(3,144) = 3.55, p = .0276) and IHP*polarity 

interaction effect at the PMd (F(1,144) = 1.76, p = .0178), however no significant main or 

interaction effects at the mIPS. We then followed up the significant interaction effects by 

conducting separate 2-way RM-ANOVAs at each level of polarity. Similar to the horizontal error, 

there was a significant IHP x target position interaction effect in the change in vertical endpoint 

error after mIPS cathodal tDCS. However, only a main effect of IHP, but not of target position 

after PMd cathodal tDCS.  
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Figure 13: Group-level post-cathodal tDCS change in the vertical endpoint error relative to baseline.  
Change in the vertical component of reaching endpoint across target positions after cathodal stimulation of 
the left mIPS (left) and left PMd (right), separated according to left IHP (blue) and right IHP (red). Positive 
values indicate that the endpoint falls relative to the target, farther away from the participant while negative 
values, closer to participant. Error bars represent SEM. Similar to the results of horizontal endpoint error, 
RM-ANOVA yielded a significant target by IHP interaction (* indicates p < .05) at the mIPS. However, 
only a IHP main effect was found at the left PMd. 
 
Post-anodal and during anodal and cathodal tDCS epochs changes in endpoint error 

Similar RM ANOVA analyses were completed to determine changes in endpoint error 

post-anodal tDCS as well as during stimulation epochs (detailed statistics in tables 4 and 5). We 

did not detect a pattern of horizontal and vertical endpoint error changes such as the presence of 

IHP * target position interaction effect as a result of post-anodal tDCS that was similar to that 

produced by post-cathodal tDCS. Post-anodal tDCS of the mIPS and PMd both produced main 

effects of target position in the change in horizontal endpoint error, (mIPS, F(3, 72) = 4.27, p = 

.0137; PMd, F(3, 72)=3.55, p =.0276). However, no significant effects were yielded in the 

vertical endpoint error after anodal mIPS stimulation, but there was a significant main target 

effect after anodal PMd stimulation, F(3, 72) = 3.55, p =.0276. 
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It appears that the post-stimulation epoch produced more observable changes in 

horizontal and vertical endpoint errors than the stimulation epoch. The effects observed post-

cathodal mIPS stimulation were absent during cathodal mIPS stimulation, although the effects 

were consistent across stimulation and post-cathodal PMd stimulation epochs. Similarly, the 

effects observed post-anodal PMd were absent during anodal PMd stimulation, although the 

effects were consistent across stimulation epochs when mIPS received anodal stimulation. 
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Table 4: Results of 2-way RM-ANOVAs on the change in horizontal and vertical endpoint error, during 
and after anodal tDCS relative to baseline.  
Bolded represents significant effects at p < .05.  

	

Anodal	 Horizontal	 Vertical	

During	mIPS	 Target,	F(3,	72)=8.74,	p	=	.0003	
IHP,	F(1,72)	=	.76	,	p	=	.4067	
Targ*	IHP,	F(3,	72)	=.65	,	p	=	.5902	

Target,	F(3,	72)	=1.9,	p	=	.1529	
IHP,	F(1,72)	=1.65	,	p	=	.2316	
Targ*	IHP,	F(3,	72)	=	.02	,	p	=.9947		

After	mIPS	 Target,	F(3,	72)	=	4.27,	p	=	.0137	
IHP,	F(1,72)	=3.2	,	p	=	.1072	
Targ*	IHP,	F(3,	72)	=	1.18,	p	=	.3353	

Target,	F(3,	72)	=1.28,	p	=	.3003	
IHP,	F(1,72)	=	.79,	p	=	.3964	
Targ*	IHP,	F(3,	72)	=.6	,	p	=	.6195	

During	PMd	 Target,	F(3,	72)=2.77,	p	=	.0608	
IHP,	F(1,72)	=1.15	,	p	=	.3116	
Targ*	IHP,	F(3,	72)	=	1.55,	p	=	.2236	

Target,	F(3,	72)=5.64,	p	=	.0039	
IHP,	F(1,72)	=1.01	,	p	=	.3422	
Targ*	IHP,	F(3,	72)	=2.18	,	p	=	.114	

After	PMd	 Target,	F(3,	72)=3.55,	p	=.0276		
IHP,	F(1,72)	=.88	,	p	=	.3718	
Targ*	IHP,	F(3,	72)	=	1.76,	p	=	.178	

Target,	F(3,	72)=	3.85,	p	=.0205		
IHP,	F(1,72)	=0	,	p	=	.9885	
Targ*	IHP,	F(3,	72)	=.55	,	p	=	.6508	

	
	
	Table 5: Results of 2-way RM-ANOVAs on the change in horizontal and vertical endpoint error, during 
and after cathodal tDCS relative to baseline.  
Bolded represents significant effects at p < .05.  
	

Cathodal	 Horizontal	Error	 Vertical	Error	

During	mIPS	 Target,	F(3,	72)	=	.06	,	p	=	.982	
IHP,	F(1,72)	=1.78	,	p	=	.2152	
Targ*	IHP,	F(3,	72)	=2.25	,	p	=	.1056	

Target,	F(3,	72)=.37,	p	=	.7737	
IHP,	F(1,72)	=.35	,	p	=	.566	
Targ*	IHP,	F(3,	72)	=1.51	,	p	=	.2351	

After	mIPS	 Target,	F(3,	72)=.02,	p	=	.9955	
IHP,	F(1,72)	=1.2	,	p	=	.3015	
Targ*	IHP,	F(3,	72)	=3.31	,	p	=	.035	

Target,	F(3,	72)	=	.27,	p	=	.8457	
IHP,	F(1,72)	=.12	,	p	=	.7399	
Targ*	IHP,	F(3,	72)	=3.92	,	p	=	.0192	

During	PMd	 Target,	F(3,	72)=3.84,	p	=	.0207	
IHP,	F(1,72)	=	6.55,	p	=	.0307	
Targ*	IHP,	F(3,	72)	=	.63,	p	=	.6042	

Target,	F(3,	72)=	2.93,	p	=	.0516	
IHP,	F(1,72)	=	6.58,	p	=	.0304	
Targ*	IHP,	F(3,	72)	=	1.55,	p	=	.2255	

After	PMd	 Target,	F(3,	72)	=	7,	p	=	.0012	
IHP,	F(1,	72)	=	7.7,	p	=	.0216	
Targ	*	IHP,	F(3,	72)	=	.04,	p	=	.8619	

Target,	F(3,	72)=	1.86,	p	=	.1605	
IHP,	F(1,72)	=	8.04,	p	=	.0195	
Targ*	IHP,	F(3,	72)	=	.98	,	p	=	.4175	
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3.2.2 Endpoint Variability 

It has been demonstrated that the precision of target-directed reaches decreases when 

TMS is applied to reach-relevant regions such as mIPS (Vesia et al., 2010), therefore we were 

interested in examining the effects on reach precision by tDCS. As a measure of endpoint 

precision, we characterized the area of the standard deviation ellipse of all reach endpoints for 

each target position and IHP combination and examined the effect of tDCS by the change in 

endpoint variability during and after stimulation compared to baseline. We conducted RM-

ANOVAs on the endpoint variability and observed essentially no change in precision during and 

after tDCS.  

As before, we began with a full 4-way RM-ANOVA consisting of the within-participant 

factors of IHP, target position, polarity, and site. We found a significant IHP*target position 

interaction effect before (F(3,288) = 3.66, p = .0248) and after stimulation (F(3,288) = 3.43, p = 

.0309). To follow up the significant interaction effect, we conducted separate 3-way RM-

ANOVA at each level of stimulation site, with the within-participant factors of polarity, target, 

and IHP. We only found significant target*IHP interaction effect at the PMd during stimulation 

(F(3,144) = 3.99, p = .0179).  

We also found a significant IHP*target position interaction effect on the endpoint 

variability as a result of anodal PMd stimulation (F(3,72) = 3.34, p = .0338), with greater 

precision for more eccentric targets. Either practice or stimulation may contribute to the reduction 

in endpoint variability. While endpoint variability may not be indicative as endpoint accuracy for 

the purpose of distinguishing the underlying differences between mIPS and PMd in the level of 

movement vector coding, the possibility of improved reaching precision with anodal stimulation 

is an interesting finding. 
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3.3 Path Curvature 

We investigated whether tDCS would have any effect on online corrections by looking at 

potential changes in reaching path curvature. To describe the reaching path curvature, we 

examined the initial movement direction (at 200 ms), the curvature-to-amplitude ratio, and the 

angle at maximum curvature. The initial movement direction was defined as the angle between 

the movement direction and the vector of the position at 200 ms from the IHP. The curvature-to-

amplitude ratio was defined as the maximum perpendicular distance of the reach path relative to 

movement direction divided by the amplitude of the reach endpoint from the starting position. 

The angle at maximum curvature was defined as the angle drawn from the point of maximum 

perpendicular distance of the path (relative to IHP) from the movement direction. Similar to the 

endpoint error analyses, we conducted a sequence of RM-ANOVAs on the change in these 

measures, with the within-participant factors of IHP, target position, polarity, and site at each 

stimulation epoch.  

Separate 4-way RM-ANOVAs revealed significant polarity main effect after stimulation 

on the CAR (F(1,288) = 6.92, p = .0273) and on theta (F(3,144) = 12.49, p = .0064), and 

significant target*polarity*site interaction effect during stimulation on theta (F(3,288) = 3.45, p = 

.0303). We followed the interaction effect by conducting separate 3-way RM-ANOVAs at each 

level of the stimulation site during stimulation with the within-participant factors of polarity, 

target, and IHP. We did not uncover any significant effects at this level or in the subsequent 2-

way RM-ANOVAs (all ps > .05; refer to Table 6 for detailed statistics). Therefore, for the group, 

these measures were essentially unchanged by anodal and cathodal tDCS. Furthermore, Tukey’s 

method for multiple comparisons between conditions (before, during, and after) did not find 

anodal or cathodal stimulation producing significant changes in the initial movement direction, 

the curvature to amplitude ratio, or the angle at maximum curvature (all ps > .05; refer to Table 6 
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for detailed statistics). Therefore, neither anodal nor cathodal tDCS significantly altered reach 

path curvature compared to pre-tDCS and compared between stimulation epochs. 

Table 6: Curvature parameters during and after anodal and cathodal tDCS relative to baseline.  
CAR = the curvature-to-amplitude ratio, DIR = initial movement direction (at 200 ms), and Ɵ, the angle at 
maximum curvature. None significant at alpha of .05.  
 
Anodal	 CAR	 DIR	 Ɵ	

mIPS,	during	 Target,	F(3,	72)	=	.2,	p	=	.894	
IHP,	F(1,72)	=	.18,	p	=	.6802	
Targ*	IHP,	F(3,	72)	=	.17,	p	=	.9155	

Target,	F(3,	72)	=	.05,	p	=	.985	
IHP,	F(1,72)	=	.06,	p	=	.8146	
Targ*	IHP,	F(3,	72)	=	.02,	p	=	.9957	

Target,	F(3,	72)	=	.05,	p	=	.9833	
IHP,	F(1,72)	=	0,	p	=	.996	
Targ*	IHP,	F(3,	72)	=	.53,	p	=	.6675	

mIPS,	after	 Target,	F(3,	72)	=	1.41,	p	=	.2626	
IHP,	F(1,72)	=	.2,	p	=	.669	
Targ*	IHP,	F(3,	72)	=	.26,	p	=	.8506	

Target,	F(3,	72)	=	.29,	p	=	.8341	
IHP,	F(1,72)	=	.27,	p	=	.6127	
Targ*	IHP,	F(3,	72)	=	.36,	p	=	.7805	

Target,	F(3,	72)	=	.53,	p	=	.6653	
IHP,	F(1,72)	=	0,	p	=	.9986	
Targ*	IHP,	F(3,	72)	=	.6,	p	=	.6235	

PMd,	during	 Target,	F(3,	72)	=	1.15,	p	=	.3451	
IHP,	F(1,72)	=	1.76,	p	=	.2174	
Targ*	IHP,	F(3,	72)	=	.65,	p	=	.5899	

Target,	F(3,	72)	=	.73,	p	=	.5404	
IHP,	F(1,72)	=	1.82,	p	=	.2106	
Targ*	IHP,	F(3,	72)	=	2.32,	p	=	.0977	

Target,	F(3,	72)	=	2.12,	p	=	.1211	
IHP,	F(1,72)	=	.43,	p	=	.5283	
Targ*	IHP,	F(3,	72)	=	.78,	p	=	.513	

PMd,	after	 Target,	F(3,	72)	=	1.37,	p	=	.274	
IHP,	F(1,72)	=	1.24,	p	=	.2951	
Targ*	IHP,	F(3,	72)	=	.86,	p	=	.4732	

Target,	F(3,	72)	=	.7,	p	=	.5596	
IHP,	F(1,72)	=	.31,	p	=	.5893	
Targ*	IHP,	F(3,	72)	=	.65,	p	=	.5926	

Target,	F(3,	72)	=	1.06,	p	=	.3831	
IHP,	F(1,72)	=	.49,	p	=	.5031	
Targ*	IHP,	F(3,	72)	=	.8,	p	=	.5035	

Cathodal	 CAR	 DIR	 Ɵ	

mIPS,	during	 Target,	F(3,	72)	=	1.24,	p	=	.3154	
IHP,	F(1,72)	=	0,	p	=	.99446	
Targ*	IHP,	F(3,	72)	=	2.46,	p	=	.0844	

Target,	F(3,	72)	=	1.57,	p	=	.2195	
IHP,	F(1,72)	=	.09,	p	=	.7724	
Targ*	IHP,	F(3,	72)	=	1.37,	p	=	.2737	

Target,	F(3,	72)	=	1.83,	p	=	.1648	
IHP,	F(1,72)	=	.11,	p	=	.7442	
Targ*	IHP,	F(3,	72)	=	2.73,	p	=	.0634	

mIPS,	after	 Target,	F(3,	72)	=	.6,	p	=	.6189	
IHP,	F(1,72)	=	.15,	p	=	.7051	
Targ*	IHP,	F(3,	72)	=	2.32,	p	=	.0982	

Target,	F(3,	72)	=	.69,	p	=	.568	
IHP,	F(1,72)	=	.32,	p	=	.5878	
Targ*	IHP,	F(3,	72)	=	2.64,	p	=	.07	

Target,	F(3,	72)	=	.73,	p	=	.5438	
IHP,	F(1,72)	=	.11,	p	=	.7442	
Targ*	IHP,	F(3,	72)	=	2.83,	p	=	.0569	

PMd,	during	 Target,	F(3,	72)	=	1.71,	p	=	.1886	
IHP,	F(1,72)	=	.06,	p	=	.8105	
Targ*	IHP,	F(3,	72)	=	.61,	p	=	.6149	

Target,	F(3,	72)	=	1.5,	p	=	.2377	
IHP,	F(1,72)	=	.93,	p	=	.3603		
Targ*	IHP,	F(3,	72)	=	.04,	p	=	.9886	

Target,	F(3,	72)	=	2.49,	p	=	.0818	
IHP,	F(1,72)	=	2.28,	p	=	.165	
Targ*	IHP,	F(3,	72)	=	.26,	p	=	.8551	

PMd,	after	 Target,	F(3,	72)	=	1.61,	p	=	.2109	
IHP,	F(1,72)	=	.02,	p	=	.8829	
Targ*	IHP,	F(3,	72)	=	.48,	p	=	.6984	

Target,	F(3,	72)	=	2.39,	p	=	.0903	
IHP,	F(1,72)	=	.32,	p	=	.5849	
Targ*	IHP,	F(3,	72)	=	.82,	p	=	.4942	

Target,	F(3,	72)	=	2.72,	p	=	.064	
IHP,	F(1,72)	=	.2,	p	=	.6632		
Targ*	IHP,	F(3,	72)	=	.46,	p	=	.7105	
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Table 7: Comparisons between curvature parameters before, during, and after anodal and cathodal tDCS.  
CAR = the curvature-to-amplitude ratio, DIR = initial movement direction (at 200 ms), and Ɵ, the angle at 
maximum curvature. None significant at alpha of .05.  
 
CAR	 Comparison	 Difference	

between	
estimated	
group	means	

Lower	bound	of	
95%	confidence	
interval	for	true	
mean	difference	

Upper	bound	of	
95%	confidence	
interval	for	true	
mean	difference	

p-value	

	 Pre-anodal	 During	 .0004	 -.0077	 .0085	 .9992	
	 Pre-anodal	 Post-anodal	 -.0007	 -.0087	 .0074	 .9964	
	 During	 Post-anodal	 -.0010	 -.0091	 .0070	 .9856	
	 Pre-cathodal	 During	 -.0052	 -.0157	 .0054	 .5647	
	 Pre-cathodal	 Post-cathodal	 -.0072	 -.0178	 .0033	 .2744	
	 During	 Post-cathodal	 -.0021	 -.0127	 .0085	 .9522	

 
DIR	 Comparison	 Difference	

between	
estimated	
group	means	

Lower	bound	of	
95%	confidence	
interval	for	true	
mean	difference	

Upper	bound	of	
95%	confidence	
interval	for	true	
mean	difference	

p-value	

	 Pre-anodal	 During	 -.0975	 -.3617	 .1667	 .7563	
	 Pre-anodal	 Post-anodal	 -.1878	 -.4520	 .0763	 .2426	
	 During	 Post-anodal	 -.0903	 -.3545	 .1738	 .7960	
	 Pre-cathodal	 During	 -.0975	 -.3617	 .1667	 .7563	
	 Pre-cathodal	 Post-cathodal	 -.1878	 -.4520	 .0763	 .2426	
	 During	 Post-cathodal	 -.0903	 -.3545	 .1738	 .7960	

 
Ɵ	 Comparison	 Difference	

between	
estimated	
group	means	

Lower	bound	of	
95%	confidence	
interval	for	true	
mean	difference	

Upper	bound	of	
95%	confidence	
interval	for	true	
mean	difference	

p-value	

	 Pre-anodal	 During	 -.7134	 -2.1305	 .7037	 .5381	
	 Pre-anodal	 Post-anodal	 -.9394	 -2.3564	 .4777	 .3000	
	 During	 Post-anodal	 -.2260	 -1.6430	 1.1911	 .9734	
	 Pre-cathodal	 During	 -.7134	 -2.1305	 .7037	 .5381	
	 Pre-cathodal	 Post-cathodal	 -.9394	 -2.3564	 .4777	 .3000	
	 During	 Post-cathodal	 -.2260	 -1.6430	 1.1911	 .9734	
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Chapter 4 

Discussion 

4.1 Conclusions 

To our knowledge, no previous studies have used HD-tDCS to directly investigate 

movement planning properties in the human mIPS and PMd. Our results support the use of HD-

tDCS for this purpose, providing evidence that HD-tDCS can modulate performance in a 

movement planning task to reveal differences in the functional properties of mIPS and PMd. Our 

examination of the changes in horizontal endpoint error when reaching toward targets from the 

left and right IHPs after cathodal mIPS and PMd stimulation suggested that these two movement 

planning regions encode different movement-related information at their input. In particular, we 

found that locally applied cathodal tDCS induced endpoint patterns that were consistent with 

inseparably coded target position and IHP at the input of mIPS and a vector-based movement 

plan at the input of PMd. The change in reach endpoint pattern following mIPS stimulation (gaze-

centered expansion or contraction of reach endpoints) depended on the IHP (left or right), while 

the endpoint pattern was IHP-independent following PMd stimulation (contraction of reach 

endpoints for both IHP). We interpret that the input of mIPS contains separable representations of 

the target position and IHP and that these representations are combined into a movement vector 

by the time it reaches the PMd. Although the task was designed to examine horizontal endpoint 

errors, vertical endpoint patterns also conformed to these interpretations.  

4.1.1 Alternative Hypotheses 

Endpoint errors in target-directed reaching could arise due to errors occurring prior to 

and/or during movement execution. Reaction and movement times did not significantly differ 

across conditions or between sessions, therefore precluding the likelihood of our results being 
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driven by differences in information processing and speed-accuracy trade-offs in movement 

execution.  

Although reaches were performed without visual feedback of the hand, they were 

relatively slow (averaging 595 ms) and we cannot preclude corrective responses using 

proprioceptive feedback. We wanted to address the possibility of an alternative hypothesis of 

disrupted feedback processes by tDCS. Therefore, we examined the changes in the curvature of 

hand paths and velocity profiles, at different stimulation epoch (during and after), polarity (anodal 

and cathodal tDCS), and site (mIPS and the PMd) combinations. The alternative hypothesis is 

particularly relevant for the mIPS as evidence from OA patients and TMS studies point to its 

ongoing role throughout reaching, that is, the current state estimation of the arm based on a 

forward model (Wolpert, Goodbody, & Husain, 1998), and online control (Desmurget et al., 

1999; Pisella et al., 2000). Therefore, perturbation of these processes through perturbations of the 

neural activity present a possible alternative hypothesis for the observed performance changes. 

However, the curvature of hand paths, hand position and velocity profiles did not differ 

significantly across conditions, for both anodal and cathodal tDCS of mIPS and PMd. We did not 

find evidence of course adjustment during the movement; spatial trajectories were typically 

straight without terminal hooks and average velocity profiles were symmetrical and single peaked 

without additional valleys or inflections, therefore precluding the likelihood of corrective sub-

movements. This is not unusual given the lack of visual feedback. Thus, we do not have evidence, 

in this case non-significant deviations from the normal characteristics of reaching across 

conditions, to suggest that the changes in error patterns resulted from disturbed online control. 

However, the absence of observed influence of tDCS on path curvature could be because 

the task was not specifically designed to see curvature changes. The goal of the experiment was 

to examine movement planning rather than to study online corrections. The reaching trajectory is 

known to be influenced by visual cue presentation. In this experiment, the visual cues for the IHP 
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and target position and visual feedback of the hand prior to target presentation were provided in 

2D space. In a pointing experiment which examined how visual constraints influence movement 

paths, Desmurget and his colleagues concluded that unconstrained movements with 2D visual 

feedback are planned and controlled in extrinsic space and demonstrate straight paths irrespective 

of movement direction (Desmurget, Jordan, Prablanc, & Jeannerod, 1997). Thus, the visual 

constraints of our task could have limited our ability to see any potential changes in course 

adjustments. It may well be that trajectories would be more curved given direct vision of the 

hand. It is also possible that the instructed movement displacement was not far enough to elicit an 

observable movement curvature. Previous studies which reported curved movement paths 

examined 30 - 42 cm reaches (Miall & Haggard, 1995), while instructed reaching distances in this 

experiment were approximately 20 to 26 cm, with performed movement distance of 

approximately 32 to 36 cm.  

4.1.2 The effective polarity  

We examined the effects of anodal and cathodal HD-tDCS for targeting mIPS and PMd 

in order to study their movement planning properties. Differences in the properties of movement 

planning were elicited after cathodal stimulation, while anodal stimulation elicited only little 

behavioral changes. This result differed from the initial expectation that anodal and cathodal 

stimulation would produce opposite performance changes, a common perception formed on the 

basis of polarity-specific neurophysiological effects of somatic depolarization (hyperpolarization) 

by anodal (cathodal) stimulation. However, effects at the axon terminal should be considered in 

addition to neuron cell bodies, both of which are influenced by a polarizing current in an 

orientation-dependent manner (Rahman et al., 2013; Bączyk & Jankowska, 2014). In fact, 

electrophysiological evidence suggests that direct activation of neurons by tDCS plays little role 

in comparison to its influence on presynaptic fibers in producing changes in neuronal excitability 

(Bolzoni, Bączyk, & Jankowska, 2013). Synaptic terminals (i.e., axons) are critically involved in 
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information processing and plasticity (Malenka & Nicoll, 1993), and a target for modulation by 

tDCS (Kabakov, Muller, Pascual-Leone, Jensen, & Rotenberg, 2012).  

It may not be surprising that cathodal stimulation produced more observable differences 

in horizontal error patterns when we consider the relative effects on afferent activity induced by 

anodal and cathodal stimulation. An in-vivo electrophysiology experiment found that compared 

to anodal tDCS, cathodal tDCS was more effective in inducing a change in presynaptic activity, 

such that the polarization of presynaptic axons facilitated trans-synaptic neuronal activation 

(Bączyk & Jankowska, 2014). This observation was consistent in the cat and in the rat 

interpositorubrospinal neuronal network, suggesting that the same basic phenomena may be 

present across species. Additionally, such presynaptic mechanism is thought to prevail within the 

cortical system (Rahman et al., 2013). Perhaps the effectiveness of cathodal stimulation on 

activating presynaptic input is related to why it was the more effective polarity at the behavioral 

level. 

We can speculate that the presynaptic actions of cathodal tDCS on cortical excitability 

changes based on observations made in hippocampal slices in response to an applied electric 

field. There, the negative end of the electric field tended to induce stronger antidromic effects 

(impulse conduction opposite to normal conduction direction) on fibers that provide input to 

targeted neurons (Bikson et al., 2004; Kabakov, Muller, Pascual-Leone, Jensen, & Rotenberg, 

2012). Interpreted in the context of our results, pre-synaptic neuronal axons in the vicinity of the 

cathodal current might tend to depolarize, possess enhanced excitability and produce larger 

EPSPs (Bikson et al., 2004; Bączyk & Jankowska, 2014). In turn, this could enhance the input of 

targeted neurons, triggering a greater proportion of neurons in the targeted cortical region to 

become activated.  

However, inferring how excitability or ongoing activity may be modulated based on the 

stimulating polarity exclusively may be an oversimplified explanation (i.e., to say that neurons in 
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the area targeted by the anodal stimulation setup are depolarized and therefore excited). 

Predictions about the resulting excitability are complicated by cortical topography as well as 

neuronal alignment with respect to the current direction. Anodal and cathodal simply refer to the 

direction of current delivery at the scalp. Underneath the scalp, the direction of cortical current 

flow, described by concomitant radial and tangential components, is complicated by cortical 

folding (Berker, Bikson, & Bestmann, 2013). While HD-tDCS is designed for producing radial 

currents (Dmochowski, Datta, Bikson, Su, & Parra, 2011), the actual current direction contacting 

a sulcus-embedded region is variable depending on its location within the sulcus. Furthermore, 

the orientation of cellular compartments is often disregarded by the tendency to generalize 

behavioral outcome on the basis of polarity. However, the direction of axon terminal and cellular 

polarization determine the change in neuronal excitability (Kabakov, Muller, Pascual-Leone, 

Jensen, & Rotenberg, 2012). For example, a pyramidal cortical neuron aligned inward with 

respect to the cortical surface would have a hyperpolarized dendritic tree and a depolarized cell 

body. This particular alignment may facilitate enhanced excitability. An oppositely aligned 

neuron would, on the other hand, have opposite effects. Neuronal components can also be aligned 

parallel to the cortical surface (e.g., intracortical and interhemispheric connections) or radially 

aligned to the cortical column. Therefore, uncontrolled cortical topography and neuronal 

alignment with respect to the current direction can complicate general assumptions about how 

excitability or ongoing activity may be modulated based on the polarity of the active electrode. 

All in all, the electrical field orientation relative to the cortical column and neuronal axis 

is more relevant than the polarity according to the active electrode in predicting changes in 

cortical excitability (Garnett, Malyutina, Datta, & den Ouden, 2015), and may trivialize a 

distinction about the effects of anodal as compared to cathodal application of HD-tDCS. 

However, the electrical field orientation was not controlled. Perhaps then, the focus for 

categorizing behavioral effects could, instead, be on the overall direction of excitability change 
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(enhanced or inhibited). Examining neural recordings (EEG data) obtained before and after tDCS 

together with a measure of the deviation of the electric field from the normal of the cortical 

surface may help to characterize potential intermediate changes in localized cortical excitability 

between tDCS application and behavioral changes in response to stimulation. Still, how 

excitability changes translate into behavioral changes remains unanswered. Nevertheless, 

noticeable changes in behavior were present after cathodal stimulation and allowed us to 

speculate the functional roles and properties of locally perturbed brain areas. 

4.1.3 Time-dependent HD-tDCS effects 

The effects of cathodal HD-tDCS were for the most part only obvious after the offset of 

stimulation as the post-stimulation epoch produced more observable changes in horizontal and 

vertical endpoint errors than during stimulation epochs. This corroborates with the reported time-

dependent effects of 4 x 1 HD-tDCS, where the effect peaks do not appear immediately after 

stimulation but are attained half an hour after the end of stimulation (Villamar et al., 2013a; 

Villamar et al., 2013b; Kuo et al., 2013). Similarly, the effects observed post-anodal PMd were 

absent during anodal PMd stimulation, although the effects were consistent across stimulation 

epochs when anodal stimulation was targeted at the mIPS. 

4.1.4 Between-participant variability 

Variability between participants is evident from the sizable SEM in group data for the 

horizontal and vertical endpoint errors (Figure 12 & 13). Such variability is inherent in any tDCS 

study and opposes the assumption that the current induced within the cortical areas is 

homogenous (Berker, Bikson, & Bestmann, 2013). As previously mentioned, the topography of 

the cortical surface is a principal factor that complicates the direction in which current contacts 

the underlying cortex (Berker, Bikson, & Bestmann, 2013). Additionally, subcutaneous fat, skull 

thickness and distribution of CSF are other factors that contribute to between-participant 

variability from current delivery and distribution within the brain (Berker, Bikson, & Bestmann, 



 

57 

 

2013). Polarity is not the primary factor to consider so much as the induced current direction with 

respect to the alignment of the neurons, which is dictated by the topography of the cortical 

surface, in determining the effect of stimulation. The between-participant variability in the 

behavioral outcome after cathodal tDCS likely reflected the consequences of uncontrolled 

differences in the alignment of the induced electrical field with respect to the cortical surface 

across participants and individual differences in tissue characteristics.  

4.2 Limitations 

4.2.1 Extent of mIPS and PMd stimulation 

We assume that the mIPS and PMd are the most likely substrates underlying the 

behavioural effects observed after cathodal tDCS. However, we cannot exclude the possibility of 

the induced electrical field spreading to closely neighbouring regions given that each area is 

enveloped within a sulcus or that the extent of the electrical field did not sufficiently cover the 

targeted area. It is possible that stimulation centered at the mIPS, the medial wall of the IPS, had 

influenced areas around the sulcus (e.g., angular gyrus, AG and superior parietal occipital cortex, 

SPOC) and stimulation centered at the PMd, in the depth of the dorsal branch of the superior 

precentral sulcus, had influenced neighboring areas (e.g., frontal eye field, FEF and ventral 

premotor, PMv). However, previous simulation studies and animal experiments suggest that 

effects are relatively restricted under the stimulation electrode, such that electrical field strength 

fall rapidly with distance (Miranda, Lomarev, & Hallett, 2006; Rush & Driscoll, 1968). The 

relatively large volumes of the PMd, approximately 10 cm3 in healthy young adults (Selvadurai et 

al., 2016), and the mIPS, estimated 5.7 cm3, based on the cytoarchitectonic mapping (Scheperjans 

et al., 2008) may provide optimism that PMd and mIPS stimulation was achieved to some extent. 

Detailed computer modelling of the 4 x 1 montage coupled with neuroimaging and 

neuronavigation software to account for individual neuroanatomy would be ideal to establish the 
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focus and extent of stimulation. We collected EEG data to determine the change in local cortical 

excitability, but the analysis was not included in the frame of this thesis. 

4.2.2 Statistical Limitations 

The choice to use a repeated-measures design was ideal for the reasons of reducing costs 

associated with participant recruitment and removing between-participant variability, which can 

lead to a more powerful test through a reduction of the sum of squares error. We were interested 

in the change in horizontal and vertical endpoint error during and after anodal and cathodal tDCS 

and had a number of within-participant factors of interest: IHP, target position, polarity, and site. 

We minimized the number of analyses by performing detailed analyses conditionally upon the 

significance of previous analyses (e.g. only performing 3-way RM-ANOVAs at each level of the 

specified 4th variable to follow up significant 3-way interactions and so on). Nevertheless, the 

choice of conducting many repeated-measures ANOVAs may be worrisome due to concerns of 

reproducibility. Moreover, we did not perform any p-value adjustments to control type I error for 

our set of analyses. Because we were mainly interested in the IHP x target position interactions 

and the effects of HD-tDCS are more pronounced after stimulation offset, a better approach 

would be to perform a smaller set of 2-way ANOVAs (e.g. only examine the change in horizontal 

endpoint errors after cathodal tDCS) and correcting for this smaller set of interactions. We 

acknowledge that a much greater sample size would be required so that our statistical analyses 

would be meaningful.  

An alternative method to univariate analysis of repeated measures is multi-level 

modelling. One of the assumptions of ANOVAs is that all observations, that is, reaches from the 

same participant are independent. The validity of this assumption could be challenged on the 

basis of the participant adapting tDCS, that is, offline corrections after the previous trial. This 

assumption could be evaluated by calculating an intra-class correlation coefficient of the null 

model. If the assumption is violated, a 2-level model can account for non-independence by 
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nesting reaching measurements within participants. Modelling reaching as a function of IHP and 

target position to estimate the random intercept and slope of the IHP for each participant would 

still allow us to examine the IHP x target position interaction effect. Imposing a random intercept 

would allow the natural variation in stimulation response between participants. In addition to a 

random intercept and slope model, we could also conduct a random intercept only model for a 

comparison of fit, which would determine if the slope criteria, that is, the assumption that 

participants naturally react differently to stimulation, adds to the model to better explain the data. 

4.3 Implications 

Overall, HD-tDCS appears to be a promising perturbation tool for studying functional 

properties of cortical areas on account of the focality offered by the 4 x 1 high definition 

electrode array that make it possible to target specific cortical areas. We were able to see changes 

in the performance on a movement planning task subsequent to cathodal stimulation of the mIPS 

and PMd. However, we do not know how these changes come about. Therefore, while HD-tDCS 

appears to be a promising tool overall, it is still limited by an incomplete understanding of why 

inducing neuronal depolarization/hyperpolarization would change behavior (Berker, Bikson, & 

Bestmann, 2013). However, even without knowing the exact mechanism of how depolarization of 

membrane potential leads to behavioral changes, we can still make inferences about the properties 

of the targeted cortical areas based on changes in task performance subsequent to stimulation. We 

observed behavioral changes in response to targeted HD-tDCS at the mIPS and PMd that would 

be consistent with independently coded target position and IHP by the former and dependent 

coding by the latter. Therefore, the implications of this study for the use of HD-tDCS as a 

research technique is that there is a hopeful outlook for its use to clarify structure-function 

relationships in other brain areas and cognitive domains, and that the validity of conclusions 

derived from this technique would be further strengthened by a more complete mechanistic 

understanding. 
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The focality of HD-tDCS also means that the application of HD-tDCS requires precisely 

controlled electrode placement. We attributed the heterogeneity of tDCS effects across 

participants to their differences in cortical surface topography and tissue characteristics resulting 

in differences in current delivery and distribution within the brain (Berker, Bikson, & Bestmann, 

2013). Hence, the implications of this study for future use of the technique is to better control the 

induced electrical field alignment with respect to the cortical surface, which is more important 

than polarity alone. The same arrangement of electrode may not work for everyone depending on 

where the region of interest lies in the sulcus.  

There are also implications for planning and conducting statistics for future HD-tDCS 

data. Here, many within-subject factors were examined, and as a result many repeated-measures 

ANOVAs were performed, which may be worrisome statistically due to concerns of 

reproducibility. The implication for future studies using HD-tDCS is to limit the number of 

examined interaction terms. Furthermore, studies using HD-tDCS would be advised to be planned 

with a much greater sample size.  

Our findings have direct implications in our understanding of movement planning, which 

extend to the field of neural prosthetics for paralyzed patients, where the emphasis is on decoding 

movement goals. The following sections illustrate the influence of this study towards our 

knowledge and understanding of the roles of the mIPS and the PMd in the context of movement 

planning.  

4.3.1 Coding in the mIPS 

At first glance, our conclusions about the mIPS having separately encoded IHP and target 

positions may appear inconsistent with TMS findings that generally suggest that mIPS encodes a 

vector-based movement plan (Davare, Zénon, Desmurget, & Olivier, 2015; Vesia, Prime, Yan, 

Sergio, & Crawford, 2010). However, the TMS approach differs considerably from the tDCS 

approach. TMS disrupts the cortical output and processing at sites receiving projections from the 
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stimulated site (Siebner, Hartwigsen, Kassuba, & Rothwell, 2009), while tDCS disrupts input of a 

stimulated area, that is, the presynaptic activity of stimulated neurons (Bączyk & Jankowska, 

2014). Hence, careful interpretation is required when appraising these results together. Bearing in 

mind that the influence of tDCS is primarily at the input level, our results are actually 

complementary to TMS findings and advance the suggestion that the comparison of IHP and 

target position for calculation of a movement vector occurs in the mIPS (Vesia, Prime, Yan, 

Sergio, & Crawford, 2010). Additionally, it is possible that the apparent disruption of a vector-

based movement plan by TMS of the mIPS is a result of stimulation being limited to the mIPS 

cortical surface. Within the PPC, neurons found deeper in the sulcus demonstrated separable 

coding, while neurons closer to the cortical surface demonstrated difference vector coding (Buneo 

& Andersen, 2006). Due to the requirement of a much higher threshold to stimulate areas deep in 

a sulcus, superficial layers of the cortex are more likely activated by TMS (Siebner, Hartwigsen, 

Kassuba, & Rothwell, 2009). It is possible that the results of TMS at the mIPS is due to 

predominant disruption of its superficial neurons that are involved in vector coding (Davare, 

Zenon, Pourtois, Desmurget, & Olivier, 2012). In comparison, HD-tDCS at 1 mA can penetrate 

beyond the cortex and access the white matter according to modelling evidence (Edwards et al., 

2013). This difference in the depth of stimulation presents a possible explanation that while TMS 

only disturbed a population of mIPS neurons that represent a vector-based movement plan, HD-

tDCS disturbed beyond this population, with its influence extending to neurons that encode 

separable representations of the IHP and target position. With respect to focality, one study 

suggested that HD-tDCS has the potential to achieve precision comparable to TMS (Edwards et 

al., 2013). The relative focality of HD-tDCS was compared to TMS by inferring from the elicited 

evoked motor response of a similarly configured 4 x 1 TES configuration with a stimulus 

intensity of .3 - .5 mV MEP and ~3 cm ring radius. The focality produced by TES and TMS were 

indistinguishable. To summarize, the apparent difference between HD-tDCS and TMS results are 
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likely due to synaptic input as opposed to neuronal output disruptions and/or depth of stimulation 

differences, and likely not due to differences in the focality of stimulation. Our interpretation is 

that separably-encoded representations of the IHP and target position are provided at the input of 

mIPS and combined prior to the output of the mIPS.   

Our conclusions about the mIPS align with neurophysiology recordings of the monkey 

homologue, MIP, which is believed to contain signals necessary for the computation of the reach 

vector (Johnson, Ferraina, Bianchi, & Caminiti, 1996; Batista, Buneo, Snyder, & Andersen, 1999; 

Chang, Papadimitriou, & Snyder, 2009). Indeed, mIPS could be a location for the integration of 

the independently coded IHP and target position collected at its input to form a vector-coded plan 

which then may be relayed to the PMd in the integrated form. The retrograde tracing technique in 

the macaque to map the parietofrontal corticocortical connections found that tracer injections in 

the PMd proximal area labelled predominantly MIP neurons, hence highlighting parietal to 

frontal projections between these two areas (Caminiti, Zeger, Johnson, Urbano, & Georgopoulos, 

1985; Johnson et al., 1989). Projections like these are propositioned to serve the relay and 

transformation of movement-related signals (Caminiti, Zeger, Johnson, Urbano, & Georgopoulos, 

1985; Johnson et al., 1989). 

4.3.2 Coding in the PMd 

Our PMd results are compatible with monkey neurophysiology recordings and TMS 

findings that support a vector-based movement plan in the PMd (Kurata, 1993; Fu, Flament, 

Coltz, & Ebner, 1995; Davare, Zénon, Desmurget, & Olivier, 2015). Reaches after TMS is 

applied to the left PMd demonstrated a time-dependent disruption of movement amplitude 

(Davare, Zénon, Desmurget, & Olivier, 2015), which is part of the movement vector thought to 

be processed independently from movement direction into the motor command according to the 

vectorial parametric theory. We were not able to identify evidence pointing to the specification of 

movement direction and extent by the mIPS and PMd respectively in our study. This may be due 
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to an insufficient number of direction and amplitude manipulations. Furthermore, we cannot 

resolve a time window at which these independent processes occur or address whether amplitude 

and direction of movements are specified serially or in parallel. TMS is capable of resolving a 

certain time window because it can produce short burst of stimulation. Unfortunately, this is not 

possible with tDCS as constant current persists throughout planning and movement execution. 

Together, these findings fit an overall scheme of a cascade of transformations occurring 

within the dorsomedial circuit - a gradual evolution of sensory representation of target and IHP at 

the input of mIPS into a difference vector plan at the input of PMd. Considering parietal to frontal 

projections between mIPS and PMd, and direct projections from PMd to the spinal cord (He, 

Dum, & Strick, 1993), it is possible that the PMd may receive a signal representing inseparably 

integrated target position and IHP from the mIPS and direct this information to the spinal cord, 

where it can be integrated with other visual, somatosensory and motor information prior to 

executing the movement plan (Johnson, Ferraina, Bianchi, & Caminiti, 1996).  

4.4 Future Directions 

The results of this thesis give room for a number of future directions. As it is unclear 

when the movement vector is calculated, future research should aim to characterize how the 

signals representing hand and target positions evolve over time within the mIPS and PMd. 

Continuation of this study may benefit from incorporating a greater number of movement 

directions and amplitudes with more directional and distance separations. Our experimental task 

included 4 target locations, which represented 3 distances and 6 directions. Including more 

directional and distance variations will allow us to address separate processing of movement 

amplitude and direction that was suggested from a TMS study of mIPS and PMd (Davare, Zénon, 

Desmurget, & Olivier, 2015). In the grand scheme of motor control, a logical next step would be 

to identify where and how the difference vector signal transforms into changes in joint angles and 

dynamics.  
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Currently, there is still no mechanistic explanation for why neuronal depolarization 

would change behavior (Berker, Bikson, & Bestmann, 2013), although a number of hypotheses 

underlying neurophysiological influence of tDCS have been proposed. In general, the continued 

use and scientific acceptance of this exploratory tool for investigating the specific function of 

brain areas would benefit from advances towards closing the explanatory gap between 

neurophysiological effects of tDCS and behavioral effects. Computational modelling offers a 

potential avenue to help formalize the consequences of tDCS. This can be done by modeling 

neural activity within a network of neurons and introducing a perturbation analogous to that 

elicited by tDCS. The output of the model can be compared with empirical data for physiological 

validation. Specifically, dynamic causal modeling, when used on data of simultaneous neural 

recording (EEG or fMRI) during tDCS will allow us to make inferences of neurophysiological 

changes underlying the observed changes in gross cortical activity and behavior. This may help to 

bridge the knowledge gap between the hypotheses of underlying neural processing and overall 

behavioral observations. 

4.5 Summary 

In summary, using HD-tDCS to modulate neuronal activity in mIPS and PMd, our results 

point to different roles of these two dorsomedial pathway nodes in movement planning. 

Behavioral changes subsequent to targeted HD-tDCS at the mIPS and PMd are consistent with 

independently-coded target position and IHP by the former and a movement vector coded by the 

latter. We were able to make inferences about the properties of the targeted cortical areas based 

on changes in task performance subsequent to stimulation and would therefore conclude that HD-

tDCS is a viable method for investigating the contribution of specific cortical areas to cognition 

and behavior. However, the exact mechanism of how depolarization of membrane potential leads 

to behavioral changes remains an open question that will attract continued investigation.  
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