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Abstract	
  
	
  

This	
  thesis	
  investigated	
  transcranial	
  direct	
  current	
  stimulation	
  (tDCS)	
  as	
  applied	
  to	
  
the	
   motor	
   system,	
   and	
   its	
   ability	
   to	
   modulate	
   underlying	
   cortical	
   processes	
   and	
  
resultant	
   motor	
   behaviours.	
   Functional	
   magnetic	
   resonance	
   imaging	
   (fMRI)	
   and	
  
transcranial	
   magnetic	
   stimulation	
   (TMS)	
   were	
   employed	
   to	
   assess	
   the	
   extent	
   to	
  
which	
   tDCS	
   induces	
   quantifiable	
   changes	
   in	
   neural	
   structure	
   and	
   function	
   in	
  
controls	
  and	
  stroke	
  patients.	
  
	
  
Modifications	
   in	
   the	
   connectivity	
   of	
   intrinsic	
   functional	
   networks	
   following	
   tDCS	
  
application	
  were	
  examined	
  using	
  resting	
  state	
  fMRI.	
  Polarity-­‐specific	
  changes	
  were	
  
found:	
   cathodal	
   (inhibitory)	
   tDCS	
   increased	
   the	
   strength	
   of	
   the	
   default	
   mode	
  
network	
  and	
  increased	
  functional	
  coupling	
  between	
  major	
  nodes	
  within	
  the	
  motor	
  
network.	
  No	
  significant	
  effects	
  were	
  found	
  following	
  anodal	
  (excitatory)	
  tDCS.	
  	
  
	
  
Although	
  anodal	
  tDCS	
  elicited	
  only	
  subtle	
  changes	
  in	
  resting	
  activity,	
  it	
  is	
  known	
  to	
  
produce	
  robust	
  modifications	
  of	
  behaviour.	
  Single	
  and	
  paired-­‐pulse	
  TMS	
  were	
  used	
  
to	
   investigate	
   the	
   neurophysiological	
   underpinnings	
   of	
   these	
   changes.	
   Consistent	
  
with	
   the	
   theory	
   of	
   homeostatic	
   plasticity,	
   anodal	
   tDCS	
   applied	
   prior	
   to	
   task	
  
performance	
   increased	
   GABAA-­‐mediated	
   cortical	
   inhibition	
   and	
   worsened	
  
behaviour.	
   The	
   specificity	
   of	
   these	
   changes	
   suggests	
   a	
   central	
   role	
   for	
   the	
  
mechanism	
  of	
  surround	
  inhibition.	
  
	
  
A	
   longitudinal	
  clinical	
   trial	
   in	
  chronic	
  stroke	
  patients	
  was	
  conducted	
   to	
  determine	
  
the	
  utility	
  of	
   tDCS	
  as	
  an	
  adjunct	
   in	
  motor	
  rehabilitation.	
  Serial	
  MRI	
  scans	
  revealed	
  
that,	
  when	
  combined	
  with	
  motor	
  training,	
  anodal	
  tDCS	
  increased	
  functional	
  activity	
  
and	
   grey	
  matter	
   in	
   primarily	
   ipsilesional	
  motor	
   areas.	
   These	
   brain	
   changes	
  were	
  
correlated	
  with	
  behavioural	
  improvements	
  in	
  the	
  stroke-­‐affected	
  upper	
  limb.	
  
	
  
The	
  laterality	
  of	
  connectivity	
  at	
  baseline,	
  as	
  measured	
  by	
  resting	
  state	
  activity	
  and	
  
corticospinal	
   tract	
   integrity,	
   was	
   predictive	
   of	
   response	
   to	
   the	
   rehabilitation	
  
program,	
   particularly	
   in	
   those	
   stroke	
   patients	
   who	
   received	
   tDCS.	
   Asymmetry	
  
favouring	
  the	
  contralesional	
  hemisphere	
  predicted	
  greater	
  behavioural	
  gains.	
  Such	
  
results	
  underscore	
   the	
   importance	
  of	
   re-­‐normalisation	
  of	
   structure	
  and	
   functional	
  
activity	
  toward	
  the	
  lesioned	
  hemisphere	
  in	
  stroke	
  rehabilitation.	
  
	
  
This	
  thesis	
  contains	
  approximately	
  48,000	
  words.
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Chapter	
  1: Plasticity	
  in	
  the	
  Human	
  Motor	
  System	
  
	
   This	
   foundational	
   chapter	
   explains	
   the	
   organization	
   of	
   the	
   motor	
   system,	
  

including	
   its	
   anatomy	
   and	
   connectivity.	
   Though	
   comprised	
   of	
   functionally	
   distinct	
  

regions,	
  the	
  motor	
  system	
  is	
  interconnected	
  in	
  structure,	
  and	
  tampering	
  with	
  one	
  area	
  

will	
  have	
  downstream	
  effects	
  on	
  others.	
  These	
  modifications	
  are	
  rooted	
  in	
  the	
  concept	
  

of	
  plasticity,	
  the	
  ability	
  of	
  external	
  influences	
  to	
  induce	
  persistent	
  changes	
  in	
  the	
  brain	
  

via	
   alterations	
   in	
   synaptic	
   strength.	
   Such	
   mechanisms	
   govern	
   normal	
   learning	
  

processes	
   in	
   the	
   healthy	
   brain,	
   as	
   well	
   as	
   adaptive	
   responses	
   in	
   the	
   stroke-­affected	
  

brain,	
  both	
  immediately	
  following	
  the	
  infarct	
  and	
  during	
  recovery.	
  

	
  

1.1 ORGANIZATION	
  OF	
  THE	
  MOTOR	
  SYSTEM	
  

	
  
Figure	
  1.1:	
   Illustration	
  of	
  the	
  lateral	
  view	
  of	
  the	
  brain,	
  depicting	
  the	
  four	
  lobes	
  of	
  the	
  
neocortex	
  and	
  the	
  cerebellum.	
  
	
  

	
   At	
   a	
   gross	
   level,	
   the	
   cerebral	
   cortex	
   is	
   divided	
   into	
   four	
   lobes	
   (Figure	
  1.1).	
  

Though	
   this	
   classification	
  was	
   originally	
   based	
   on	
   location	
   relative	
   to	
   anatomical	
  

landmarks	
   of	
   sulci	
   and	
   gyri,	
   the	
   distinct	
   functional	
   significance	
   of	
   each	
   lobe	
   was	
  

later	
  noted.	
  Attempts	
  at	
  partitioning	
  the	
  brain	
  into	
  finer	
  cortical	
  divisions	
  have	
  been	
  

made	
   for	
   over	
   a	
   century,	
   beginning	
  with	
   the	
  work	
   of	
   Meynert	
   in	
   the	
  mid-­‐1800’s	
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(Kötter	
  &	
  Wanke,	
  2005).	
  The	
  early	
  20th	
  century	
  brought	
  a	
  wealth	
  of	
  proposals	
   for	
  

the	
   classification	
   of	
   subdivisions	
   of	
   the	
   cortex	
   using	
   cytoarchitecture.	
   The	
   most	
  

broadly	
  used	
  of	
  those	
  maps	
  today	
  is	
  that	
  introduced	
  by	
  neuroanatomist	
  Korbinian	
  

Brodmann.	
  The	
  47	
  different	
  subdivisions	
  within	
  this	
  map,	
  named	
  Brodmann	
  areas	
  

(BA),	
  are	
  delineated	
  according	
  to	
  their	
  varying	
  cytoarchitectural	
  composition,	
  with	
  

each	
  BA	
  possessing	
  a	
  distinct	
  functional	
  role	
  (Figure	
  1.2).	
  

	
  

Figure	
  1.2:	
   Brodmann’s	
  map.	
  Lateral	
  (A)	
  and	
  medial	
  (B)	
  views	
  of	
  the	
  brain,	
  depicting	
  
the	
  cytoarchitecturally	
  and	
  functionally	
  distinct	
  brain	
  regions	
  known	
  as	
  Brodmann	
  Areas	
  
(BA).	
  Of	
  note	
  are	
  BA	
  4	
  and	
  BA	
  6,	
  the	
  primary	
  and	
  premotor	
  cortices,	
  respectively.	
  Figure	
  
originally	
  from	
  Brodmann,	
  1909.	
  
	
  
	
  
1.1.1 CORTICAL	
  MOTOR	
  REGIONS	
  

	
   The	
  major	
  cortical	
  areas	
  responsible	
  for	
  motor	
  control	
  are	
  located	
  primarily	
  

within	
  the	
  frontal	
  lobe,	
  anterior	
  to	
  the	
  central	
  gyrus.	
  This	
  region	
  corresponds	
  to	
  BA	
  

4	
   and	
   6,	
   consisting	
   of	
   precentral	
   and	
   intermediate	
   precentral	
   cortex.	
   The	
  

classification	
   of	
   BA	
   4	
   has	
   remained	
   relatively	
   consistent	
   over	
   the	
   years,	
   and	
   is	
  

termed	
   the	
   primary	
   motor	
   cortex	
   (M1).	
   BA	
   6,	
   however,	
   has	
   undergone	
   multiple	
  

iterations	
   of	
   further	
   fractionation.	
   	
   Based	
   on	
   results	
   from	
   lesion	
   studies,	
   Fulton	
  

proposed	
   that	
   the	
   lateral	
   portion	
   of	
   BA	
   6	
   be	
   deemed	
   the	
   premotor	
   cortex	
   (PMC)	
  

(Fulton	
  &	
   Sheehan,	
   1935).	
  More	
   recently,	
   the	
   PMC	
  was	
   found	
   to	
   be	
   composed	
   of	
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functionally	
   distinct	
   dorsal	
   and	
   ventral	
   components	
   (Kötter	
   &	
   Wanke,	
   2005;	
  

Tomassini	
   et	
   al.,	
   2007;	
   Zilles	
   et	
   al.,	
   2004).	
   The	
   medial	
   portion	
   of	
   BA	
   6	
   is	
   now	
  

referred	
  to	
  as	
   the	
  supplementary	
  motor	
  area	
  (SMA)	
  (Woolsey	
  et	
  al.,	
  1952).	
  Figure	
  

1.3	
  provides	
  a	
  visual	
  reference	
  of	
   these	
  motor	
  areas,	
  which	
  are	
  discussed	
   in	
  more	
  

detail	
  in	
  the	
  following	
  sections.	
  

	
  
Figure	
  1.3:	
   Lateral	
   and	
   medial	
   aspects	
   showing	
   the	
   major	
   cortical	
   motor	
   regions:	
  
primary	
  motor	
  cortex	
  (M1),	
  supplementary	
  motor	
  area	
  (SMA),	
  premotor	
  cortex	
  (PMC).	
  
Figure	
  adapted	
  from	
  thebrain.mcgill.ca.	
  
	
  

1.1.1.1 Primary	
  Motor	
  Cortex	
  (M1,	
  BA	
  4)	
  

	
   As	
  suggested	
  by	
  its	
  name,	
  the	
  primary	
  motor	
  cortex	
  (M1)	
  forms	
  the	
  core	
  of	
  

the	
   cortical	
   areas	
   involved	
   in	
   movement.	
   Located	
   on	
   the	
   precentral	
   gyrus,	
   M1	
   is	
  

bound	
  by	
   the	
  precentral	
   sulcus	
   anteriorly,	
   and	
   the	
   central	
   sulcus	
  posteriorly.	
   It	
   is	
  

histologically	
   agranular,	
   with	
   an	
   indistinguishable	
   cortical	
   layer	
   IV.	
   M1	
   has	
  

numerous	
  pyramidal	
  cells	
  of	
  varying	
  sizes,	
  and	
  is	
  the	
  originating	
  locus	
  of	
  40%	
  of	
  all	
  

pyramidal	
   tract	
   neurons	
   (Leonard,	
   1997).	
   In	
   1937,	
   neurosurgeon	
  Wilder	
   Penfield	
  

found	
  that	
  electrical	
  stimulation	
  of	
  particular	
  points	
  within	
  M1	
  elicited	
  reproducible	
  

movement	
   of	
   specific	
   body	
   parts.	
   This	
   led	
   to	
   the	
   concept	
   of	
   motor	
   somatotopy,	
  

which	
  posited	
   that	
   cortical	
   control	
   of	
   areas	
   of	
   the	
   body	
  were	
   distributed	
   in	
   strict	
  

form	
   within	
   M1	
   (Penfield	
   &	
   Boldrey,	
   1937).	
   This	
   homunculus,	
   as	
   it	
   came	
   to	
   be	
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known,	
  is	
  an	
  exaggerated	
  representation	
  of	
  the	
  human	
  body,	
  with	
  increased	
  cortical	
  

area	
  devoted	
  to	
  dexterous	
  body	
  parts,	
  such	
  as	
  the	
  hand	
  (Figure	
  1.4).	
  

	
  
Figure	
  1.4:	
   Penfield’s	
   motor	
   homunculus.	
   (Top)	
   Schematic	
   image	
   depicting	
   the	
  
location	
   of	
   M1,	
   which	
   contains	
   a	
   somatotopic	
   representation	
   of	
   the	
   body	
   (Bottom).	
  
Figure	
  adapted	
  from	
  thebrain.mcgill.ca.	
  
	
  

	
   Although	
   neuroimaging	
   studies	
   support	
   the	
   existence	
   of	
   a	
   motor	
  

homunculus	
   (Cheyne,	
   et	
   al.,	
   1991;	
   Rao	
   et	
   al.,	
   1995),	
   the	
   strict	
   view	
   of	
   1:1	
  

somatotopy	
   is	
   simplistic,	
   as	
   Penfield	
   himself	
   cautioned.	
   Motor	
   somatotopy	
   is	
  

applicable	
   when	
   differentiating	
   between	
   body	
   parts,	
   but	
   not	
   necessarily	
  within	
   a	
  

body	
  part.	
  For	
  example,	
  the	
  representation	
  of	
  the	
  arm	
  is	
  indeed	
  separate	
  from	
  those	
  

of	
   the	
   leg	
   or	
   head;	
   however,	
   there	
   exist	
   multiple,	
   overlapping	
   representations	
   of	
  

particular	
   arm	
   muscles	
   and	
   movements,	
   not	
   just	
   one	
   (Sanes	
   &	
   Schieber,	
   2001).	
  

Indeed,	
   results	
   from	
   stimulation	
   studies	
   in	
   primates	
   suggest	
   that	
   regions	
   of	
   M1	
  

represent	
  functional	
  muscle	
  groups,	
  not	
  individual	
  muscles	
  (Donoghue	
  et	
  al.,,	
  1992).	
  

It	
   is	
   possible,	
   then,	
   that	
   these	
   intracortical	
   connections	
  provide	
   the	
  physical	
   basis	
  

for	
  plasticity	
  (discussed	
  further	
  in	
  section	
  1.2.2).	
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   M1	
   exerts	
   primarily	
   contralateral	
   influence	
   over	
   movements:	
   the	
   left	
   M1	
  

controls	
   the	
   movement	
   of	
   the	
   right	
   side	
   of	
   the	
   body,	
   and	
   vice	
   versa.	
   There	
   is,	
  

however,	
   substantial	
   communication	
   between	
   the	
   left	
   and	
   right	
   M1,	
   via	
  

predominately	
   inhibitory	
   interhemispheric	
   connections	
   (Ferbert	
   et	
   al.,	
   1992).	
  

Alterations	
  to	
  this	
  hemispheric	
  balance	
  play	
  a	
  prominent	
  role	
  in	
  disease	
  pathology,	
  

particular	
   in	
   stroke	
   (Murase	
   et	
   al.,	
   2004)	
   (see	
   section	
   1.3).	
   Damage	
   to	
   M1	
   itself	
  

results	
   in	
   muscle	
   paresis	
   and	
   spasticity,	
   including	
   loss	
   of	
   precision	
   and	
   complex	
  

multi-­‐joint	
  movements	
  (Leonard,	
  1997). 

	
  
	
  
1.1.1.2 Premotor	
  Cortex	
  (PMC,	
  lateral	
  BA	
  6)	
  

	
   The	
   premotor	
   cortex,	
   lateral	
   BA	
   6,	
   is	
   located	
   on	
   the	
   precentral	
   gyrus,	
  

immediately	
  anterior	
  to	
  M1.	
  	
  It	
  is	
  involved	
  in	
  the	
  higher	
  aspects	
  of	
  movement,	
  and	
  

damage	
  to	
  this	
  area	
  often	
  causes	
  deficits	
  in	
  motor	
  planning	
  abilities	
  (Leonard,	
  1997).	
  

The	
  PMC	
  has	
  direct	
  connections	
  to	
  the	
  spinal	
  cord,	
  though	
  less	
  numerous	
  than	
  those	
  

arising	
   from	
   M1.	
   The	
   PMC	
   is,	
   however,	
   more	
   widely	
   connected	
   to	
   non-­‐motor	
  

cortical	
  regions	
  than	
  M1,	
  and	
  uses	
  information	
  from	
  these	
  areas	
  to	
  influence	
  M1	
  and	
  

coordinate	
   movement	
   (Dum	
   &	
   Strick,	
   1991).	
   In	
   line	
   with	
   the	
   functional	
  

neuroanatomy	
   of	
   non-­‐human	
   primates	
   (Barbas	
   &	
   Pandya,	
   1987),	
   recent	
   imaging	
  

studies	
   have	
   demonstrated	
   that	
   the	
   PMC	
   can	
   be	
   divided	
   into	
   dorsal	
   (PMd)	
   and	
  

ventral	
  (PMv)	
  components	
  (Mayka	
  et	
  al.,	
  2006;	
  Tomassini	
  et	
  al.,	
  2007).	
  	
  

	
   Dorsal	
  Premotor	
  Cortex	
  (PMd).	
   The	
   PMd	
   integrates	
   visual	
   and	
   spatial	
  

information	
  with	
  motor	
  output	
  (Chouinard	
  &	
  Paus,	
  2006).	
   It	
   is	
  strongly	
  connected	
  

to	
   the	
   contralateral	
   PMd	
   and	
   M1	
   (Bestmann	
   et	
   al.,	
   2008).	
   Patients	
   with	
   surgical	
  

excisions	
   of	
   the	
   PMd	
   have	
   difficulty	
   associating	
   arbitrary	
   cues	
   such	
   as	
   coloured	
  

lights,	
   with	
   predefined	
   motor	
   movements	
   (Petrides,	
   1997).	
   Indeed,	
   cortical	
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recordings	
  in	
  monkeys	
  have	
  shown	
  that	
  PMd	
  neurons	
  fire	
  after	
  the	
  presentation	
  of	
  

a	
   cue	
   to	
   perform	
   a	
   certain	
   movement	
   (Kurata	
   &	
   Hoffman,	
   1994).	
   PMd	
   neurons	
  

remain	
   active	
   during	
   the	
   execution	
   of	
   the	
  movement,	
   in	
   a	
   similar	
  manner	
   to	
  M1	
  

neurons	
  (Lee	
  &	
  van	
  Donkelaar,	
  2006).	
  

	
   Ventral	
  Premotor	
  Cortex	
  (PMv).	
   The	
   PMv	
   is	
   heavily	
   involved	
   in	
   the	
  

grasping	
  and	
  manipulation	
  of	
  objects	
  (Chouinard	
  &	
  Paus,	
  2006).	
   In	
  monkeys,	
  PMv	
  

firing	
  is	
  modulated	
  by	
  the	
  strength	
  of	
  grip	
  force	
  (Hepp-­‐Reymond	
  et	
  al.,	
  1994;	
  Hepp-­‐

Reymond	
  et	
  al.,	
  1999);	
  neuroimaging	
  studies	
  in	
  humans	
  have	
  yielded	
  similar	
  results	
  

(Ehrsson	
   et	
   al.,	
   2001).	
   The	
   PMv	
   facilitates	
   the	
   planning	
   and	
   execution	
   of	
   arm	
  

movements	
   requiring	
   both	
   distal	
   and	
   proximal	
   muscles,	
   and	
   the	
   coordination	
   of	
  

such	
  movements	
  with	
  visual	
  and	
  geometric	
  inputs	
  (Hoshi	
  &	
  Tanji,	
  2007).	
  The	
  PMv	
  is	
  

also	
   thought	
   to	
   be	
   the	
   location	
   of	
  mirror	
   neurons,	
   which	
   activate	
   not	
   only	
   when	
  

performing	
   a	
   task,	
   but	
   also	
   upon	
   watching	
   another	
   individual	
   perform	
   the	
   task	
  

(Rizzolatti	
  &	
  Luppino,	
  2001).	
  

	
  

1.1.1.3 Supplementary	
  Motor	
  Area	
  (SMA,	
  medial	
  BA	
  6)	
  

	
   The	
  SMA	
  is	
  located	
  in	
  the	
  dorsomedial	
  prefrontal	
  cortex,	
  anterior	
  to	
  the	
  leg	
  

representation	
  in	
  M1	
  (Nachev	
  et	
  al.,	
  2008).	
  In	
  monkeys,	
  approximately	
  ten	
  percent	
  

of	
  all	
  CST	
  neurons	
  originate	
  here	
  (Wise,	
  1996).	
  The	
  SMA	
  can	
  be	
  divided	
  into	
  three	
  

regions	
  based	
  on	
  cytoarchitecture,	
  connectivity,	
  and	
  function:	
  the	
  SMA	
  proper,	
   the	
  

pre-­‐SMA,	
   and	
   the	
   supplementary	
   eye	
   field	
   (SEF).	
   Stimulation	
   studies	
   have	
  

confirmed	
   that	
   the	
   SMA	
   proper—and	
   to	
   a	
   lesser	
   extent	
   the	
   pre-­‐SMA,	
   is	
  

somatotopically	
   arranged	
   (Fried	
   et	
   al.,	
   1991).	
   Similar	
   to	
   the	
   PMC,	
   the	
   SMA	
   is	
  

involved	
  in	
  movement	
  planning	
  and	
  preparation	
  (Brinkman	
  &	
  Porter,	
  1979;	
  Tanji	
  &	
  

Kurata,	
   1982).	
   However,	
   while	
   the	
   PMC	
   plays	
   a	
   key	
   role	
   in	
   externally-­‐triggered	
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movements,	
  human	
  neuroimaging	
  studies	
  have	
  shown	
  that	
  the	
  SMA	
  is	
  more	
  actively	
  

involved	
  in	
  self-­‐initiated,	
  sequential	
  movements.	
  This	
  is	
  particularly	
  true	
  of	
  the	
  pre-­‐

SMA	
  (Jenkins,	
  Jahanshahi,	
  Jueptner,	
  Passingham,	
  &	
  Brooks,	
  2000).	
  Deficits	
  resulting	
  

from	
  damage	
  to	
  the	
  SMA	
  span	
  a	
  diverse	
  range	
  of	
  motor	
  impairments,	
  including,	
  for	
  

example,	
   involuntary	
   grasping	
   of	
   objects	
   and	
   the	
   inability	
   to	
   make	
   spontaneous	
  

movements	
   (Nachev	
   et	
   al.,	
   2008).	
   Patients	
  may	
   also	
   experience	
   Parkinsonian-­‐like	
  

movements,	
   potentially	
   due	
   to	
   damage	
   to	
   the	
   connections	
   between	
   the	
   SMA	
   and	
  

basal	
  ganglia	
  (Akkal	
  et	
  al.,	
  2007).	
  

	
  

1.1.2 SUBCORTICAL	
  MOTOR	
  REGIONS	
  

	
   Beneath	
  the	
  cortex	
  lie	
  additional	
  brain	
  regions	
  that	
  have	
  been	
  implicated	
  in	
  

motor	
   behaviours.	
   These	
   subcortical	
   structures	
   often	
   integrate	
   diverse	
  modalities	
  

beyond	
  the	
  motor	
  domain.	
  Three	
  such	
  structures,	
  the	
  basal	
  ganglia,	
  cerebellum,	
  and	
  

thalamus,	
  are	
  discussed	
  below	
  (Figure	
  1.5).	
  	
  

	
  
Figure	
  1.5:	
   Subcortical	
   motor	
   structures.	
   (Bottom	
   left)	
   Lateral	
   view	
   of	
   the	
   brain,	
  
indicating	
   the	
   locations	
   of	
   the	
   thalamus,	
   basal	
   ganglia,	
   and	
   cerebellum.	
   (Top	
   right)	
  
Enlarged	
   view	
   of	
   the	
   thalamus	
   and	
   subdivisions	
   of	
   the	
   basal	
   ganglia.	
   Figure	
   adapted	
  
from	
  cti.itc.virginia.edu.	
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1.1.2.1 Basal	
  Ganglia	
  

	
   The	
  basal	
  ganglia	
  consist	
  of	
  the	
  caudate,	
  putamen,	
  globus	
  pallidus,	
  substantia	
  

nigra,	
   and	
   the	
   subthalamic	
   nucleus	
   bilaterally.	
   Based	
   on	
   similar	
   histology	
   and	
  

functional	
   connectivity	
   patterns,	
   the	
   caudate	
   and	
   putamen	
   together	
   are	
   said	
   to	
  

comprise	
   the	
   striatum.	
   The	
   basal	
   ganglia	
   are	
   important	
   for	
   both	
   voluntary	
   and	
  

involuntary	
   motor	
   processes,	
   but	
   have	
   no	
   direct	
   projections	
   to	
   the	
   spinal	
   cord.	
  

Rather,	
  they	
  exert	
  their	
   influence	
  via	
  projections	
  to	
  and	
  from	
  the	
  cortex,	
  and	
  relay	
  

information	
   through	
   the	
   corticospinal,	
   rubrospinal,	
   and	
   reticulospinal	
   tracts	
  

(Leonard,	
  1997).	
  Most	
  inputs	
  to	
  the	
  basal	
  ganglia	
  arrive	
  in	
  the	
  striatum,	
  while	
  most	
  

basal	
  gangliar	
  outputs	
  are	
  relayed	
  from	
  the	
  globus	
  pallidus	
  and	
  substantia	
  nigra,	
  the	
  

majority	
   of	
   which	
   project	
   to	
   thalamic	
   nuclei	
   (Nolte,	
   2008).	
   Damage	
   to	
   the	
   basal	
  

ganglia	
  results	
   in	
   lack	
  of	
  control	
  over	
  both	
  voluntary	
  and	
   involuntary	
  movements,	
  

resulting	
  in	
  symptoms	
  such	
  as	
  tremor	
  (Leonard,	
  1997).	
  

	
  
1.1.2.2 Cerebellum	
  

	
   The	
  cerebellum	
  is	
  widely	
  connected	
  to	
  the	
  rest	
  of	
  the	
  brain,	
  receiving	
  inputs	
  

from	
  cortical	
  and	
  subcortical	
  motor	
  systems	
  (Leonard,	
  1997).	
  Like	
  the	
  brain	
  itself,	
  

the	
   cerebellum	
   (literally	
   meaning	
   “little	
   brain”)	
   is	
   composed	
   of	
   an	
   outer	
   cortical	
  

layer	
  and	
  an	
   inner	
  white	
  matter	
  region.	
  The	
  cerebellar	
  cortex	
  consists	
  of	
  an	
  outer	
  

molecular	
   layer,	
   an	
   intermediate	
   Purkinje	
   cell	
   layer,	
   and	
   an	
   inner	
   granular	
   layer.	
  

The	
   cortical	
   layer	
   is	
   divided	
   into	
   the	
   spinocerebellum,	
   cerebrocerebellum,	
   and	
  

vestibulocerebellum.	
   The	
   spinocerebellum	
   receives	
   sensory	
   input	
   from	
   the	
   spinal	
  

cord,	
   and	
   is	
   primarily	
   involved	
   in	
   motor	
   execution	
   and	
   control	
   of	
   posture.	
   The	
  

cerebrocerebellum	
  receives	
  direct	
  input	
  from	
  the	
  cerebral	
  cortex,	
  and	
  is	
  responsible	
  

for	
   motor	
   planning.	
   The	
   vestibulocerebellum,	
   the	
   oldest	
   of	
   the	
   cortical	
   layers,	
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maintains	
   balance	
   (J.	
   Martin,	
   2003).	
   The	
   cerebellar	
   white	
   matter	
   contains	
   nuclei	
  

that	
   relay	
   information	
  between	
   the	
  cerebellar	
   cortical	
   layers,	
   and	
   to	
  and	
   from	
  the	
  

thalamus	
   (Nolte,	
   2008).	
   Damage	
   to	
   the	
   cerebellum	
   results	
   in	
   postural	
   instability,	
  

and	
  loss	
  of	
  timing	
  and	
  coordination	
  of	
  movements	
  (Leonard,	
  1997).	
  

	
  

1.1.2.3 Thalamus	
  

	
   Nestled	
   between	
   the	
   cerebral	
   cortices,	
   the	
   thalamus	
   is	
   a	
   major	
   hub	
   of	
   all	
  

sensory	
  pathways	
  excluding	
  olfaction,	
  and	
  contains	
  the	
  primary	
  motor	
  relay	
  nuclei	
  

for	
  the	
  cortex.	
  It	
  is	
  also	
  an	
  integral	
  component	
  of	
  the	
  anatomical	
  circuits	
  of	
  the	
  basal	
  

ganglia	
   and	
   cerebellum	
   (J.	
   Martin,	
   2003).	
   The	
   thalamus	
   is	
   comprised	
   of	
   three	
  

divisions:	
  anterior,	
  medial,	
  and	
  lateral,	
  which	
  contain	
  the	
  principal	
  nuclei.	
  The	
  two	
  

nuclei	
   most	
   relevant	
   to	
   motor	
   behaviour	
   are	
   located	
   in	
   the	
   lateral	
   division:	
   the	
  

ventral	
  anterior	
  (VA)	
  and	
  ventrolateral	
  (VL)	
  nuclei.	
  The	
  VA	
  receives	
  the	
  majority	
  of	
  

the	
  basal	
  ganglia	
  inputs;	
  the	
  VL	
  receives	
  many	
  cerebellar	
  inputs	
  (Nolte,	
  2008).	
  Both	
  

nuclei	
   project	
   to	
   the	
   motor	
   and	
   premotor	
   cortices	
   (Leonard,	
   1997).	
   Due	
   to	
   its	
  

involvement	
  in	
  an	
  array	
  of	
  sensory	
  processes,	
  damage	
  to	
  the	
  thalamus	
  may	
  produce	
  

both	
  sensory	
  and	
  motor	
  deficits	
  (Leonard,	
  1997).	
  	
  

	
  
	
  
1.1.3 DESCENDING	
  MOTOR	
  PATHWAYS	
  

	
   Cortical	
   and	
   subcortical	
   areas	
   influence	
   motor	
   behaviours	
   through	
   axonal	
  

projections	
   to	
   the	
   spinal	
   cord.	
   The	
   corticospinal	
   and	
   corticobulbal	
   tracts	
   original	
  

from	
  layer	
  V	
  of	
  the	
  cerebral	
  cortex,	
  and	
  are	
  collectively	
  referred	
  to	
  as	
  the	
  pyramidal	
  

tracts.	
   The	
   reticulospinal,	
   vestibulospinal,	
   tectospinal,	
   and	
   rubrospinal	
   tracts	
  

originate	
   from	
   brainstem	
   nuclei.	
   The	
   following	
   sections	
   briefly	
   examine	
   these	
  

descending	
  motor	
  pathways	
  (Figure	
  1.6).	
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Figure	
  1.6:	
   Schematic	
  of	
  descending	
  motor	
  tracts.	
  Figure	
  adapted	
  from	
  bioon.com.	
  
	
  

1.1.3.1 Cortical	
  Tracts	
  

	
   Corticospinal	
  Tract.	
  	
   Axons	
   of	
   the	
   corticospinal	
   tract	
   originate	
   primarily	
   in	
  

the	
   frontal	
   lobe,	
   continue	
   through	
   the	
   posterior	
   limb	
   of	
   the	
   internal	
   capsule,	
   the	
  

midbrain,	
   pons,	
   and	
   to	
   the	
   medullary	
   pyramids	
   (Nolte,	
   2008).	
   Here,	
   the	
  

corticospinal	
   tract	
   divides	
   into	
   lateral	
   and	
   ventral	
   components.	
   The	
   lateral	
  

corticospinal	
   tract	
   crosses	
   at	
   the	
   pyramidal	
   decussation	
   and	
   terminates	
   in	
   the	
  

lateral	
  spinal	
  column.	
  The	
  majority	
  of	
  its	
  axons	
  originate	
  in	
  M1,	
  but	
  many	
  also	
  arise	
  

from	
  other	
  sensorimotor	
  areas.	
   Its	
  primary	
  function	
  is	
  voluntary	
  movement	
  of	
  the	
  

limb	
  muscles	
  (J.	
  Martin,	
  2003).	
  Damage	
  to	
  this	
  tract	
  results	
  in	
  chronic	
  impairments	
  

in	
   limb	
  use,	
   such	
   as	
   loss	
   of	
  movement	
   fractionation	
   (Leonard,	
   1997).	
   The	
   ventral	
  

corticospinal	
  tract	
  is	
  uncrossed,	
  and	
  ends	
  in	
  the	
  ventral	
  spinal	
  column.	
  Its	
  axons	
  are	
  

primarily	
  from	
  M1	
  and	
  the	
  PMC.	
  It	
  regulates	
  voluntary	
  movement	
  of	
  axial	
  muscles	
  

(J.	
  Martin,	
  2003).	
  	
  

	
   Corticobulbar	
  Tract.	
  The	
   corticobulbar	
   tract	
   originates	
   in	
   the	
   sensorimotor	
  

areas	
   of	
   the	
   frontal	
   lobe.	
   It	
   contains	
   both	
   crossed	
   and	
   uncrossed	
   fibres,	
   and	
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terminates	
   in	
   the	
   brain	
   stem.	
   It	
   primarily	
   controls	
   voluntary	
   movement	
   of	
   the	
  

cranial	
  muscles.	
  Upper	
   facial	
  muscles	
  are	
  bilaterally	
   innervated,	
  while	
   lower	
   facial	
  

muscles	
  are	
  contralaterally	
  controlled	
  (J.	
  Martin,	
  2003).	
  	
  

	
  

1.1.3.2 Brain	
  Stem	
  Tracts	
  

	
   Reticulospinal	
  Tracts.	
   In	
  addition	
  to	
  the	
  pyramidal	
   tracts,	
   the	
  reticulospinal	
  

tracts	
   are	
   the	
  major	
   alternative	
   route	
   for	
   the	
   control	
   of	
   voluntary	
  movements.	
   Its	
  

axons	
  arise	
   from	
   the	
  pontine	
  and	
  medullary	
   reticular	
   formation,	
   and	
   terminate	
   in	
  

the	
  medial	
  and	
  lateral	
  portions	
  of	
  the	
  spinal	
  cord,	
  respectively	
  (Nolte,	
  2008).	
  

	
   Vestibulospinal	
   Tracts.	
   The	
   vestibulospinal	
   tracts	
   are	
   responsible	
   for	
  

postural	
   adjustments	
   and	
   head	
   movements.	
   Fibres	
   of	
   the	
   lateral	
   vestibulospinal	
  

tract	
   descend	
   uncrossed	
   from	
   the	
   lateral	
   vestibular	
   nucleus	
   in	
   the	
   pons,	
   and	
  

terminate	
   in	
   the	
   spinal	
   cord	
   to	
   compensate	
   for	
   shifts	
   in	
   body	
   orientation.	
   The	
  

medial	
  vestibulospinal	
  tract	
  begins	
  in	
  the	
  medial	
  vestibular	
  nucleus	
  and	
  maintains	
  

head	
  position	
  (Nolte,	
  2008).	
  

	
   Tectospinal	
   Tract.	
   Composed	
   of	
   axons	
   from	
   the	
   superior	
   colliculus,	
   the	
  

tectospinal	
   tract	
   crosses	
   the	
   midbrain	
   at	
   the	
   dorsal	
   tegmental	
   decussation	
   and	
  

terminates	
   at	
   the	
   cervical	
   level	
   of	
   the	
   spinal	
   cord.	
   It	
   mediates	
   reflex	
   turning	
   in	
  

response	
  to	
  sensory	
  stimuli	
  (Nolte,	
  2008).	
  

	
   Rubrospinal	
   Tract.	
   The	
   smallest	
   of	
   the	
   brain	
   stem	
   tracts,	
   the	
   rubrospinal	
  

tract	
  originates	
  in	
  the	
  red	
  nucleus	
  of	
  the	
  rostral	
  midbrain,	
  where	
  it	
  receives	
  inputs	
  

from	
  the	
  motor	
  cortex	
  and	
  cerebellum.	
  It	
  decussates	
  in	
  the	
  ventral	
  tegmental	
  area,	
  

and	
   descends	
   to	
   the	
   lateral	
   anterior	
   horn	
   of	
   the	
   spinal	
   cord.	
   Like	
   the	
   lateral	
  

corticospinal	
  tract,	
  the	
  rubrospinal	
  tract	
  primarily	
  influences	
  distal	
  muscles	
  (Nolte,	
  

2008).	
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1.2 MOTOR	
  LEARNING	
  AND	
  PLASTICITY	
  

	
   Motor	
   learning	
   is	
  defined	
  as	
   the	
  modification	
  of	
   a	
  movement	
  behaviour	
  by	
  

experience.	
   It	
   can	
   be	
   categorised	
   as	
   either	
   explicit	
   or	
   implicit	
   on	
   the	
   basis	
   of	
  

whether	
  the	
  behaviour	
  is	
  actively	
  or	
  passively	
  acquired.	
  Rather	
  than	
  being	
  a	
  static	
  

entity,	
  motor	
   learning	
  progresses	
   through	
   a	
   series	
   of	
   phases	
   characterised	
  by	
   the	
  

gradual	
   lessening	
   of	
   effortfulness	
   and	
   increasing	
   of	
   proficiency.	
   These	
   various	
  

stages	
  of	
  motor	
  learning	
  recruit	
  the	
  primary	
  and	
  secondary	
  motor	
  areas	
  described	
  

in	
  sections	
  1.1.1	
  and	
  1.1.2,	
  as	
  well	
  as	
  association	
  areas	
  such	
  as	
  the	
  prefrontal	
  cortex.	
  

Within	
  these	
  regions,	
  the	
  mechanisms	
  of	
  neuroplasticity	
  subserve	
  the	
  changes	
  that	
  

allow	
  such	
  learning	
  to	
  occur.	
  

	
  

1.2.1 MOTOR	
  LEARNING	
  

1.2.1.1 Types	
  of	
  Motor	
  Learning	
  

	
   Explicit	
   motor	
   learning	
   involves	
   the	
   conscious,	
   declarative	
   recollection	
   of	
  

previous	
  motor	
  actions.	
  Implicit	
  motor	
  learning	
  is	
  an	
  unintentional	
  form	
  of	
  learning	
  

that	
  is	
  often	
  characterized	
  by	
  behavioural	
  improvements	
  (Halsband	
  &	
  Lange,	
  2006).	
  

In	
   some	
   instances,	
   the	
   use	
   of	
   explicit	
   processes	
   on	
   an	
   implicit	
   task	
   may	
   lead	
   to	
  

impaired	
   learning	
  (Fletcher	
  et	
  al.,	
  2005;	
  Fulton	
  &	
  Sheehan,	
  1935).	
  Though	
  helpful,	
  

the	
   distinction	
   between	
   explicit	
   and	
   implicit	
   motor	
   tasks	
   is	
   not	
   absolute.	
   The	
  

execution	
  of	
  many	
  motor	
  behaviours	
  begins	
  explicitly,	
  then	
  transitions	
  to	
  an	
  implicit	
  

process	
   as	
   learning	
   progresses	
   (Forkstam	
   &	
   Petersson,	
   2005).	
   An	
   additional	
  

classification	
   system	
   differentiates	
   between	
   general	
   motor	
   learning	
   that	
   requires	
  

the	
   association	
   of	
   a	
   stimulus	
   and	
  motor	
   reflex	
   response,	
   and	
  motor	
   skill	
   learning,	
  

which	
  refers	
  to	
  the	
   learning	
  of	
  more	
  complex	
  movements,	
  such	
  as	
  riding	
  a	
  bicycle	
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(Luft	
  &	
  Buitrago,	
  2005).	
  Motor	
  skill	
  learning,	
  as	
  compared	
  to	
  other	
  forms	
  of	
  motor	
  

learning,	
   occurs	
   slowly	
   over	
   several	
   sessions,	
   and	
   is	
   typically	
   retained	
   over	
  

extended	
  periods	
  of	
  time	
  (Luft	
  &	
  Buitrago,	
  2005).	
  

	
   Learning	
   of	
   both	
   skilled	
   and	
   general	
  motor	
   tasks	
  may	
  occur	
   through	
   three	
  

broad	
   processes:	
   error-­‐based,	
   reinforcement,	
   and	
   use-­‐dependent	
   learning.	
   Both	
  

error-­‐based	
   and	
   reinforcement	
   learning	
   use	
   outcome	
   information	
   to	
   shape	
  motor	
  

behaviours	
  toward	
  the	
  desired	
  goal.	
  Use-­‐dependent	
  learning	
  relies	
  on	
  the	
  repetition	
  

of	
  movements	
  to	
  cause	
  modifications	
  in	
  the	
  level	
  of	
  motor	
  performance	
  (Wolpert	
  et	
  

al.,	
   2011).	
   Error-­‐based	
   and	
   use-­‐dependent	
   learning	
   have	
   been	
   shown	
   to	
   work	
   in	
  

parallel,	
   with	
   learning	
   accrued	
   via	
   the	
   latter	
   process	
   exhibiting	
   the	
   greatest	
  

longevity	
  (Diedrichsen	
  et	
  al.,	
  2010).	
  

	
  

1.2.1.2 Phases	
  of	
  Motor	
  Learning	
  

	
   The	
   acquisition	
   of	
   a	
   motor	
   behaviour	
   is	
   defined	
   as	
   motor	
   learning.	
   The	
  

execution	
   of	
   that	
   behaviour	
   is	
   motor	
   performance,	
   and	
   the	
   retention	
   of	
   that	
  

behaviour	
   is	
   a	
   motor	
   memory	
   (Leonard,	
   1997).	
   The	
   interplay	
   between	
   motor	
  

learning,	
   performance,	
   and	
   memory	
   normally	
   proceeds	
   through	
   three	
   distinct	
  

phases:	
   early,	
   intermediate,	
   and	
   late.	
   Early	
   learning	
   is	
   the	
   phase	
   in	
   which	
   the	
  

movement	
   is	
   initially	
  acquired,	
   creating	
  a	
  novel	
  association	
  between	
  sensory	
  cues	
  

and	
  the	
  appropriate	
  motor	
  output	
  (Halsband	
  &	
  Lange,	
  2006).	
  Early	
  learning	
  is	
  also	
  

referred	
   to	
   as	
   the	
   cognitive	
   phase,	
   as	
   performance	
   of	
   the	
   task	
   requires	
   mental	
  

concentration	
   and	
   constant	
   monitoring	
   via	
   verbal	
   processing	
   of	
   the	
   motor	
   goal	
  

(Leonard,	
   1997).	
   The	
   intermediate	
   phase	
   consists	
   of	
   trial	
   and	
   error	
   learning.	
  

Different	
  strategies	
   to	
  perform	
  the	
  motor	
   task	
  are	
  sampled,	
  and	
  results	
  compared	
  

(Leonard,	
   1997).	
   Critically,	
   the	
   intermediate	
   phase	
   marks	
   the	
   beginning	
   of	
   the	
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establishment	
  of	
  a	
   sensorimotor	
  map	
  detailing	
   the	
  movement	
   (Halsband	
  &	
  Lange,	
  

2006).	
   There	
   is	
   a	
   “fast	
   learning”	
   that	
   occurs	
   during	
   active	
   practice,	
   and	
   a	
   slower	
  

learning	
  that	
  occurs	
  between	
  sessions	
  (Luft	
  &	
  Buitrago,	
  2005).	
  This	
   is	
  the	
  stage	
  in	
  

which	
  the	
  majority	
  of	
  consolidation	
  occurs,	
  both	
  through	
  sleep	
  (Walker	
  et	
  al.,	
  2003)	
  

and	
   mental	
   rehearsal	
   of	
   the	
   movement	
   (Mulder	
   et	
   al.,	
   2004).	
   Practice	
   and	
  

consolidation	
   lead	
  to	
  a	
  progressive	
   increase	
   in	
  motor	
  execution	
  speed	
  and	
  fluidity	
  

(Penhune	
  &	
   Steele,	
   2012).	
   In	
   the	
   late	
   stage	
   of	
  motor	
   learning,	
   the	
  movement	
   has	
  

become	
  automatic	
  and	
  skilful.	
  The	
  behaviour	
  can	
  be	
  performed	
  proficiently	
  without	
  

consciously	
  attending	
  to	
  the	
  action	
  (Halsband	
  &	
  Lange,	
  2006).	
  It	
  is	
  in	
  the	
  late	
  stage	
  

and	
   beyond	
   that	
   a	
   motor	
   skill	
   may	
   progress	
   to	
   a	
   long-­‐lasting	
   motor	
   memory	
  

(Penhune	
  &	
  Steele,	
  2012).	
  

	
  

1.2.1.3 Involvement	
  of	
  Brain	
  Regions	
  in	
  motor	
  learning	
  

	
   As	
   detailed	
   above,	
   motor	
   learning	
   can	
   be	
   divided	
   into	
   multiple	
   phases,	
  

during	
   which	
   time	
   specific	
   processes	
   occur.	
   Figure	
   1.7	
   depicts	
   the	
   various	
  

components	
   of	
   motor	
   learning,	
   and	
   summarizes	
   the	
   general	
   functions	
   and	
  

contributions	
  of	
  particular	
  brain	
  regions.	
  

	
  
Figure	
  1.7:	
   A	
   proposed	
   structure	
   for	
   the	
   function	
   of	
   motor-­‐related	
   brain	
   regions.	
  
From	
  Krakauer	
  (2011).	
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   Cortical	
   Motor	
   Areas.	
   Training	
   on	
   implicit	
   motor	
   tasks	
   such	
   as	
   implicit	
  

sequence	
   learning	
   leads	
   to	
   increased	
  and	
  enlarged	
  activation	
  within	
  M1	
   (Karni	
   et	
  

al.,	
   1995).	
   If	
   the	
   task	
   is	
  practiced	
   for	
   several	
  weeks,	
   these	
   changes	
   can	
  persist	
   for	
  

several	
  months.	
   Similarly,	
   during	
   skill	
   learning,	
  motor	
   representations	
  within	
  M1	
  

transition	
  from	
  representing	
  a	
  single	
  muscle	
  to	
  a	
  group	
  of	
  muscles	
  responsible	
  for	
  

the	
   skill	
   itself.	
   Indeed,	
   TMS	
   applied	
   to	
   the	
   M1	
   of	
   skilled	
   musicians	
   found	
   an	
  

expanded	
   representation	
   of	
   task-­‐relevant	
   muscle	
   combinations	
   (Gentner	
   et	
   al.,	
  

2010).	
   Explicit	
   motor	
   learning	
   tasks	
   can	
   evoke	
   increased	
   contralateral	
   M1	
  

activation	
  within	
  minutes	
  of	
  task	
  onset	
  (Halsband	
  &	
  Lange,	
  2006).	
  The	
  SMA	
  exhibits	
  

both	
   implicit	
   and	
   explicit	
   practice-­‐related	
   increases,	
   particularly	
   in	
   response	
   to	
  

sequential	
  movements	
   that	
   rely	
  heavily	
   on	
   timing	
   (Halsband	
  &	
  Lange,	
   2006).	
  The	
  

PMC	
   is	
  active	
  during	
   the	
  early	
  stages	
  of	
  motor	
   learning,	
   likely	
   forming	
  an	
   internal	
  

representation	
  between	
  spatial	
  cues	
  and	
  motor	
  commands	
  (Deiber	
  et	
  al.,	
  1997).	
  

	
   Subcortical	
   Motor	
   Areas.	
   The	
   striatum	
   is	
   critical	
   for	
   the	
   consolidation	
   and	
  

automatization	
  of	
   implicit	
  motor	
   learning	
  tasks,	
  especially	
   those	
   involving	
   learned	
  

sequences	
   (Doyon	
   et	
   al.,	
   2009).	
   The	
   caudate	
   in	
   particular	
   is	
   activated	
   during	
   the	
  

early	
  phase	
  of	
   skill	
   acquisition,	
   and	
   is	
   involved	
   in	
   the	
   long-­‐term	
   storage	
  of	
  motor	
  

memories	
  during	
  the	
  late	
  phase	
  (Halsband	
  &	
  Lange,	
  2006).	
  Motor	
  adaptation	
  relies	
  

heavily	
   on	
   the	
   cerebellum,	
  which	
   generates	
   prediction	
   errors	
   in	
   response	
   to	
   past	
  

performance	
   (Synofzik	
   et	
   al.,	
   2008).	
   The	
   basal	
   ganglia	
   and	
   cerebellum	
   may	
   also	
  

form	
  the	
  basis	
  of	
  two	
  distinct,	
  yet	
  complementary,	
  cortico-­‐subcortical	
   loops.	
  It	
  has	
  

been	
  suggested	
  that	
  the	
  cortico-­‐basal	
  ganglia	
  loop	
  reinforces	
  movements	
  based	
  on	
  

their	
   reward	
   value	
   and	
   likelihood,	
   while	
   the	
   cortico-­‐cerebellar	
   loop	
   is	
   primarily	
  

concerned	
  with	
  sensorimotor	
  accuracy	
  (Hikosaka	
  et	
  al.,	
  2002).	
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   Associated	
  Brain	
  Areas.	
   The	
   early	
   stages	
   of	
   explicit	
  motor	
   learning	
   involve	
  

the	
   prefrontal	
   cortex.	
   The	
   Dorso-­‐lateral	
   prefrontal	
   cortex	
   (DLPFC)	
   helps	
  mediate	
  

trial-­‐error	
  and	
  motor	
   learning	
  by	
  associating	
  movements	
  with	
   sensory	
   cues	
  using	
  

working	
  memory	
  processes	
   (Halsband	
  &	
  Lange,	
   2006).	
  During	
   the	
   early	
   stages	
   of	
  

motor	
  skill	
   learning,	
   increased	
  activity	
   is	
   seen	
   in	
   the	
  right	
   inferior	
  parietal	
   cortex,	
  

which	
   may	
   work	
   to	
   integrate	
   sensory	
   information	
   and	
   feedback	
   processing	
  

(Kawashima	
  et	
  al.,	
  2000).	
  As	
  the	
  motor	
  skill	
  becomes	
  more	
  automatic,	
  recruitment	
  

of	
  such	
  frontal	
  areas	
  decreases,	
  and	
  activation	
  shifts	
  towards	
  the	
  subcortical	
  areas	
  

discussed	
  above	
  (Wu	
  et	
  al.,	
  2008).	
  

	
  

1.2.1.4 Stroke	
  Recovery	
  as	
  Motor	
  Learning	
  

	
   Though	
  the	
  extent	
  to	
  which	
  stroke-­‐induced	
  movement	
  impairments	
  result	
  in	
  

motor	
   learning	
  deficits	
   is	
   debated,	
  many	
   recovery	
  processes	
   in	
   the	
   stroke	
  patient	
  

share	
  similarities	
  with	
  motor	
   learning	
   in	
  the	
  healthy	
  adult	
  (Krakauer,	
  2006a).	
  The	
  

modification	
  of	
  sensorimotor	
  maps	
  that	
  occurs	
  post-­‐stroke	
  parallels	
   the	
  alteration	
  

of	
   motor	
   cortical	
   representations	
   following	
   learning,	
   potentially	
   drawing	
   on	
   the	
  

same	
  or	
  similar	
  underlying	
  mechanisms	
  (Hosp	
  &	
  Luft,	
  2011a).	
  Together	
  with	
  use-­‐

dependent	
   learning,	
  motor	
   adaptation	
   via	
   error-­‐based	
   learning	
  may	
   be	
   central	
   in	
  

rehabilitative	
   strategies	
   following	
   stroke.	
   Such	
   extrinsic	
   feedback	
   mechanisms	
  

become	
   more	
   essential	
   because	
   normally	
   occurring	
   intrinsic	
   somatic	
   feedback	
  

processes	
  may	
  have	
  been	
  damaged	
  by	
  the	
  stroke	
  (Subramanian	
  at	
  al.,	
  2010).	
  During	
  

the	
   early	
   stages	
   of	
   recovery,	
   motor	
   learning	
   is	
   best	
   buoyed	
   by	
   general	
   feedback	
  

regarding	
   the	
   overall	
   sequence	
   of	
   movements;	
   as	
   rehabilitation	
   progresses,	
  

increasingly	
  precise	
  feedback	
  becomes	
  more	
  beneficial	
  (van	
  Vliet	
  &	
  Wulf,	
  2006).	
  An	
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extended	
   overview	
   of	
   stroke	
   recovery	
   and	
   rehabilitation	
   is	
   presented	
   in	
   section	
  

1.3.3.	
  

	
  

1.2.2 OVERVIEW	
  OF	
  SYNAPTIC	
  PLASTICITY	
  

	
   Plasticity	
   is	
   a	
   persistent	
   change	
   in	
   properties	
   of	
   the	
   brain,	
   both	
  

morphological	
  and	
  functional,	
  in	
  response	
  to	
  environmental	
  change	
  and	
  experience.	
  

Though	
  once	
  believed	
  to	
  be	
  a	
  feature	
  unique	
  to	
  the	
  developing	
  brain,	
  we	
  now	
  know	
  

that	
   plasticity	
   processes	
   also	
   take	
   place	
   in	
   the	
   adult	
   brain.	
   Occurring	
   at	
   both	
   the	
  

synaptic	
   and	
  network	
   level,	
   plastic	
   alterations	
   in	
   the	
   brain	
   can	
   cause	
   behavioural	
  

modifications	
  over	
  time	
  (Hummel	
  &	
  Cohen,	
  2005).	
  

	
  

1.2.2.1 Hebbian	
  Synaptic	
  Plasticity	
  

	
   Early	
  work	
  by	
  William	
  James	
  (1890)	
  conjectured	
  that	
  external	
   forces	
  could	
  

cause	
   changes	
   in	
   the	
  brain,	
   in	
   an	
  analogous	
  manner	
   to	
   the	
  way	
   in	
  which	
  physical	
  

materials	
  alter	
  their	
  shape	
  when	
  subjected	
  to	
  external	
  pressure	
  (Warraich	
  &	
  Kleim,	
  

2010).	
   The	
   substrate	
   for	
   such	
   changes	
   was	
   discovered	
   nearly	
   two	
   decades	
   later,	
  

when	
  Ramon	
  y	
  Cajal	
   and	
  others	
   found	
   that	
   the	
  nervous	
   system	
  was	
   composed	
  of	
  

synapses	
  (Warraich	
  &	
  Kleim,	
  2010).	
  A	
  synapse	
   is	
   the	
  point	
  of	
   interaction	
  between	
  

neurons,	
  with	
  the	
  axon	
  of	
  the	
  presynaptic	
  neuron	
  associating	
  with	
  a	
  dendrite	
  of	
  the	
  

postsynaptic	
   neuron.	
   When	
   the	
   presynaptic	
   cell	
   is	
   depolarized,	
   it	
   releases	
  

neurotransmitters	
   into	
   the	
   synaptic	
   cleft.	
   Here,	
   the	
   neurotransmitters	
   bind	
   to	
  

receptors	
  on	
   the	
  postsynaptic	
  element.	
  These	
  receptors	
   then	
  modulate	
  changes	
   in	
  

the	
  postsynaptic	
  neuron	
   that	
  may	
  alter	
   its	
  activity	
  and	
   firing	
  pattern	
   (Warraich	
  &	
  

Kleim,	
   2010).	
   If	
   such	
   temporally	
   correlated	
   activity	
   between	
   neurons	
   occurs	
  



	
   18	
  

repeatedly	
   and	
   persistently,	
   processes	
   may	
   occur	
   that	
   strengthen	
   or	
   weaken	
   the	
  

association	
  between	
  the	
  two	
  neurons.	
  

	
   This	
  idea	
  forms	
  the	
  basis	
  of	
  Hebbian	
  (or	
  use-­‐dependant)	
  synaptic	
  plasticity,	
  

which	
   proposes	
   that	
   synapses	
   that	
   are	
   most	
   effective	
   at	
   evoking	
   a	
   post-­‐synaptic	
  

neuronal	
   response	
   should	
   become	
   stronger	
   (Hebb,	
   1949).	
   Hebbian	
   plasticity	
  

progresses	
   through	
   two	
   broad	
   stages:	
   the	
   rapid	
   reinforcement	
   of	
   pre-­‐existing	
  

pathways,	
   and	
   the	
   slower	
   establishment	
   of	
   new	
   pathways	
   (Pascual-­‐Leone	
   et	
   al.,	
  

2005).	
   Though	
   originally	
   conceived	
   as	
   a	
   process	
   by	
   which	
   connections	
   are	
  

strengthened,	
  plasticity	
  now	
  encompasses	
  processes	
  that	
  weaken	
  associations.	
  The	
  

two	
  mechanisms	
  that	
  are	
  mainly	
  responsible	
  for	
  the	
  mediation	
  of	
  Hebbian	
  synaptic	
  

plasticity	
  are	
  long	
  term	
  potentiation	
  (LTP)	
  and	
  depression	
  (LTD).	
  

	
  

1.2.2.2 Long	
  Term	
  Potentiation	
  and	
  Depression	
  

	
   Long	
   term	
   potentiation	
   (LTP)	
   refers	
   to	
   the	
   neuronal	
   process	
   by	
   which	
  

existing	
  synapses	
  become	
  more	
  effective;	
   that	
   is,	
  presynaptic	
  stimulation	
  becomes	
  

increasingly	
  likely	
  to	
  evoke	
  a	
  post-­‐synaptic	
  response.	
  As	
  such,	
  there	
  is	
  an	
  increase	
  in	
  

excitatory	
   synaptic	
   potential	
   (Siegelbaum	
  &	
  Kandel,	
   1991).	
   Correspondingly,	
   long	
  

term	
  depression	
  (LTD)	
  results	
   in	
  sustained	
   inhibition	
  of	
  synaptic	
   transmission.	
  As	
  

their	
  names	
  suggest,	
  the	
  effects	
  of	
  these	
  phenomena	
  can	
  be	
  long-­‐term,	
  persisting	
  for	
  

hours	
  or	
  days	
  (Siegelbaum	
  &	
  Kandel,	
  1991).	
  LTP	
  and	
  LTD	
  were	
  originally	
  studied	
  in	
  

the	
   hippocampus	
   and	
   cerebellum	
   (Bliss	
   &	
   Lomo,	
   1973;	
   Ito,	
   1989),	
   and	
   thus	
   it	
   is	
  

within	
   these	
   brain	
   regions	
   that	
   their	
   mechanisms	
   are	
   best	
   characterized,	
   though	
  

very	
   closely	
   related	
   processes	
   have	
   subsequently	
   been	
   demonstrated	
   elsewhere	
  

(Malenka	
  &	
  Bear,	
  2004).	
  Pertinent	
  to	
  this	
  thesis,	
  both	
  LTP-­‐like	
  (Hess	
  &	
  Donoghue,	
  

1994)	
  and	
  LTD-­‐like	
  (Hess	
  &	
  Donoghue,	
  1996)	
  processes	
  have	
  been	
  documented	
  in	
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the	
   rat	
   motor	
   cortex.	
   Generalizing	
   across	
   the	
   multiple	
   forms	
   of	
   LTP	
   (Raymond,	
  

2007)	
  and	
  LTD	
  (Massey	
  &	
  Bashir,	
  2007),	
   it	
   is	
   thought	
   that	
  glutamatergic	
  LTP	
  and	
  

LTD	
   are	
   primarily	
   induced	
   postsynaptically,	
   for	
   example	
   by	
   changes	
   in	
   receptor	
  

density,	
   and	
   maintained	
   by	
   presynaptic	
   mechanisms	
   such	
   as	
   modifications	
   in	
  

neurotransmitter	
  release.	
  	
  

	
  

1.2.2.3 Plasticity	
  Underlying	
  Motor	
  Learning	
  

	
   The	
  effects	
  of	
  neuronal	
  plasticity	
  can	
  be	
  quantified	
  by	
  measuring	
  changes	
  in	
  

the	
  structure	
  and	
  function	
  of	
  individual	
  neurons	
  and	
  populations	
  of	
  neurons.	
  In	
  this	
  

way,	
  the	
  interaction	
  between	
  motor	
  learning	
  and	
  plasticity	
  can	
  be	
  divided	
  into	
  four	
  

categories:	
   individual-­‐structural,	
   individual-­‐functional,	
   population-­‐structural,	
  

population-­‐functional	
   (Table	
  1.1).	
  For	
  example,	
  plastic	
  alterations	
   in	
   the	
   structure	
  

of	
  individual	
  neurons	
  can	
  be	
  measured	
  by	
  changes	
  in	
  spine	
  density	
  and	
  number	
  of	
  

synapses,	
  changes	
  in	
  their	
  function	
  can	
  be	
  assessed	
  by	
  recording	
  neuronal	
  activity.	
  

Such	
  studies	
  necessarily	
  have	
  to	
  be	
  performed	
  in	
  non-­‐human	
  animals.	
  For	
  example,	
  

experimental	
  studies	
  at	
  the	
  level	
  of	
  individual	
  neurons	
  in	
  rodents	
  help	
  to	
  provide	
  a	
  

robust	
  characterization	
  of	
  the	
  interaction	
  between	
  motor	
  learning	
  and	
  mechanisms	
  

of	
   plasticity	
   as	
   rodents	
   have	
   advanced	
  motor	
   systems	
   that	
   can	
   be	
   probed	
  with	
   a	
  

variety	
  of	
  electrophysiological	
  and	
  histological	
  measures.	
   	
  Studies	
  of	
  population	
  of	
  

neurons	
  can	
  be	
  carried	
  out	
   in	
  humans	
  as	
  well	
  as	
   in	
  animals:	
  Structural	
  changes	
  of	
  

populations	
  of	
  neurons	
  can	
  be	
  determined	
  by	
  examining	
  grey	
  matter	
  density,	
  while	
  

the	
   function	
   of	
   neuronal	
   populations	
   can	
   be	
   investigated	
   with	
   sensorimotor	
  

mapping	
  (Warraich	
  &	
  Kleim,	
  2010).	
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   Individual	
  Neurons	
   Populations	
  of	
  Neurons	
  

Structural	
  
Dendritic	
  arbor	
  
Spine	
  density	
  
Synapse	
  number	
  

Grey	
  matter	
  density	
  
Structure	
  thickness	
  

Functional	
  
Neural	
  activity	
  
Intrinsic	
  excitability	
  

Motor	
  maps	
  
fMRI	
  

	
  
Table	
  1.1:	
   Measurements	
  of	
  neuronal	
  plasticity	
  in	
  response	
  to	
  motor	
  learning.	
  Four	
  
categories	
   of	
   plasticity	
   can	
   be	
   defined	
   on	
   the	
   basis	
   of	
   whether	
   it	
   is	
   observed	
   via	
  
modification	
   of	
   the	
   structure	
   or	
   function	
   of	
   individual	
   or	
   populations	
   of	
   neurons.	
  
Adapted	
  from	
  Warraich	
  (2010).	
  
	
  

	
   Individual-­‐Structural.	
   Plastic	
   alterations	
   in	
   the	
   structure	
   of	
   individual	
  

neurons	
  have	
  been	
  probed	
  in	
  rodents	
  trained	
  on	
  a	
  skilled	
  forelimb	
  reaching	
  task.	
  As	
  

early	
   as	
   one	
   hour	
   into	
   skill	
   acquisition,	
   mice	
   showed	
   increased	
   postsynaptic	
  

dendritic	
   spine	
   formation	
   in	
   the	
   contralateral	
   motor	
   cortex.	
   These	
   spines	
   were	
  

stabilised	
  and	
  maintained	
  after	
  training	
  ended	
  (Xu	
  et	
  al.,	
  2009).	
  An	
  analogous	
  study	
  

in	
   rats	
   demonstrated	
   that	
   such	
   changes	
   were	
   specific	
   to	
   muscles	
   involved	
   in	
  

forelimb	
  reaching	
  and	
  grasping,	
  and	
  not	
  those	
  controlling	
  proximal	
  muscles	
  (Wang	
  

et	
  al.,	
  2011).	
  These	
  results	
  suggest	
  that	
  during	
  the	
  early	
  stages	
  of	
  learning,	
  increased	
  

dendritic	
  branching	
  may	
  occur.	
  	
  

	
   Individual-­‐Functional.	
   In	
   addition	
   to	
   the	
   structural	
   changes	
   in	
   individual	
  

neurons,	
  similar	
  rodent	
  studies	
  provide	
  insight	
  into	
  the	
  functional	
  changes	
  that	
  are	
  

occurring,	
  particularly	
  through	
  LTP	
  and	
  LTD	
  processes.	
  Rat	
  studies	
  found	
  increased	
  

LTP-­‐like	
   plasticity	
   within	
   the	
   M1	
   forelimb	
   representation	
   during	
   training	
   on	
   a	
  

reaching	
   task;	
   these	
   strengthened	
   connections	
   were	
   maintained	
   for	
   weeks	
   after	
  

training	
   ended	
   (Rioult-­‐Pedotti	
   et	
   al.,	
   2007).	
   In	
   humans,	
   TMS	
   studies	
   documenting	
  

changes	
   in	
   the	
   stimulation	
   intensity	
   required	
   to	
   elicit	
  motor	
   activation	
   is	
  perhaps	
  

the	
  closest	
  approximation	
  of	
   learning-­‐induced	
  plasticity	
  changes	
   in	
  the	
  function	
  of	
  

individual	
   (or	
   small	
   groups	
   of)	
   neurons.	
   Following	
   training	
   on	
   a	
   five	
   finger	
   piano	
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sequence,	
   the	
  TMS	
   intensity	
   needed	
   to	
   activate	
   the	
   involved	
  muscles	
   significantly	
  

decreased,	
   suggesting	
   an	
   increase	
   in	
   neuronal	
   excitability	
   (Pascual-­‐Leone	
   et	
   al.,	
  

1995).	
  

	
   Population-­‐Structural.	
  Subjects	
  trained	
  on	
  a	
   juggling	
  task	
  showed	
  increased	
  

grey	
  matter	
   in	
   the	
  occipito-­‐temporal	
   cortex,	
   an	
   area	
   relevant	
   to	
   the	
  processing	
  of	
  

complex	
   visual	
   motion,	
   as	
   early	
   as	
   7	
   days	
   following	
   the	
   beginning	
   of	
   training	
  

(Draganski	
  et	
  al.,	
  2004;	
  Driemeyer	
  at	
  al.,	
  2008;	
  Scholz	
  et	
  al.,	
  2009).	
  A	
  VBM	
  study	
  by	
  

Hamzei	
   and	
   colleagues	
   found	
   that	
   five	
   days	
   of	
   training	
   on	
   a	
   signing	
   motor	
   task	
  

caused	
   increased	
   grey	
  matter	
   bilaterally	
   in	
   the	
  PMd,	
   ipsilaterally	
   in	
   the	
   SMA,	
   and	
  

contralaterally	
   in	
  the	
   inferior	
  parietal	
   lobule	
  (IPL).	
  These	
  changes	
  were	
  correlated	
  

with	
  motor	
  skill	
  performance	
  (Hamzei	
  et	
  al.,	
  2012).	
  Taken	
  together,	
  findings	
  such	
  as	
  

these	
   suggest	
   that	
   motor	
   skill	
   learning	
   and	
   produce	
   anatomical	
   changes	
   in	
   the	
  

cortex.	
  

	
   Population-­‐Functional.	
   Functional	
   changes	
   at	
   the	
   level	
   of	
   the	
   individual	
  

neuron	
   may	
   be	
   responsible	
   for	
   the	
   functional	
   changes	
   seen	
   in	
   populations	
   of	
  

neurons.	
   During	
   the	
   late	
   phase	
   of	
   learning	
   on	
   the	
   skilled	
   forelimb	
   reaching	
   task,	
  

animals	
   trained	
   to	
   reach	
   had	
   larger	
   distal	
   forelimb	
   representations	
   than	
   control	
  

animals	
  (Kleim	
  et	
  al.,	
  2004).	
  Such	
  enlarged	
  representations	
  co-­‐localize	
  with	
  areas	
  of	
  

enhanced	
   synaptogenesis	
   (Kleim	
   et	
   al.,	
   2002).	
   Similar	
   cortical	
   reorganization	
  

following	
  motor	
  learning	
  has	
  been	
  documented	
  in	
  humans.	
  Long-­‐term	
  performance	
  

on	
  a	
  sequence	
  learning	
  task	
  results	
   in	
  an	
  increased	
  area	
  of	
  activation	
  in	
  M1	
  to	
  the	
  

learned	
   sequence	
   versus	
   an	
   unpractised	
   sequence,	
   a	
   result	
   which	
   persists	
   for	
  

several	
  months	
  (Karni	
  et	
  al.,	
  1995).	
  Training	
  subjects	
  on	
  a	
  5-­‐finger	
  piano	
  sequence	
  

resulted	
  in	
  TMS	
  pulses	
  to	
  a	
  broader	
  area	
  of	
  scalp	
  being	
  able	
  to	
  elicit	
  activation,	
  also	
  

indicative	
  of	
  an	
  expanded	
  motor	
  map	
  (Pascual-­‐Leone	
  et	
  al.,	
  1995).	
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1.2.2.4 Homeostatic	
  Plasticity	
  

	
   If	
   left	
   unchecked,	
   repeated	
  modification	
   of	
   cortical	
   excitability	
   by	
   LTP	
   and	
  

LTD	
   carries	
   the	
   possibility	
   of	
   permanently	
   altering	
   the	
   properties	
   of	
   neuronal	
  

networks.	
  That	
  is,	
  persistent	
  induction	
  of	
  LTP	
  or	
  LTD	
  would	
  bring	
  synapses	
  to	
  their	
  

maximum	
  and	
  minimum,	
  respectively.	
  Neuronal	
  signalling	
  at	
  such	
  synapses	
  would	
  

become	
   saturated,	
   the	
   synapses	
   themselves	
   unusable,	
   and	
   further	
   information	
  

processing	
   precluded	
   (Kim	
   &	
   Linden,	
   2007).	
   As	
   such	
   situations	
   are	
   not	
   normally	
  

observed	
   in	
   the	
   healthy	
   nervous	
   system,	
   there	
   must	
   exist	
   a	
   mechanism	
   that	
  

prevents	
  such	
  a	
  state	
  from	
  occurring.	
  The	
  Bienenstock-­‐Cooper-­‐Munro	
  (BCM)	
  theory	
  

of	
  synaptic	
  modification	
  proposes	
  such	
  a	
  model,	
  suggesting	
  that	
  neuronal	
  activity	
  is	
  

stabilized	
  by	
  raising	
  or	
  lowering	
  the	
  “modification	
  threshold”	
  (θm)	
  for	
  LTP	
  and	
  LTD	
  

induction,	
  based	
  on	
  the	
  previous,	
  time-­‐averaged	
  history	
  of	
  post-­‐synaptic	
  firing	
  rates	
  

(Bienenstock,	
  Cooper,	
  &	
  Munro,	
  1982)	
  (Figure	
  1.8).	
  

	
  

Figure	
  1.8:	
   BCM	
   theory	
   of	
   synaptic	
   modification.	
   A	
   history	
   of	
   high	
   post-­‐synaptic	
  
firing	
   shifts	
   θm	
   from	
   baseline	
   levels	
   (in	
   black)	
   to	
   the	
   right	
   (in	
   blue),	
   favouring	
   LTD	
  
induction.	
  Low	
  levels	
  of	
  post-­‐synaptic	
  firing	
  lower	
  θm,	
  favouring	
  LTP	
  (in	
  red).	
  Figure	
  from	
  
Stagg,	
  2011.	
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   In	
   this	
   way,	
   a	
   history	
   of	
   low	
   post-­‐synaptic	
   activity	
   would	
   raise	
   the	
  

modification	
  threshold,	
  favouring	
  depolarization	
  and	
  the	
  induction	
  of	
  LTP,	
  and	
  vice-­‐

versa.	
   Such	
   altering	
   of	
   thresholds	
   ensures	
   that	
   an	
   optimal	
   mean	
   firing	
   rate	
   is	
  

maintained	
   within	
   a	
   particular	
   target	
   range,	
   and	
   forms	
   the	
   basis	
   of	
   homeostatic	
  

plasticity.	
   In	
  neuronal	
  cultures,	
   treatments	
   that	
  block	
  spiking	
  such	
  as	
   tetrodotoxin	
  

increase	
  synapse	
  size	
  and	
  neurotransmitter	
  release.	
  Such	
  changes	
  effectively	
  lower	
  

the	
   firing	
   threshold,	
   thereby	
   promoting	
   increased	
   firing	
   frequency	
   (Turrigiano,	
  

1999).	
  Complementary	
  results	
  are	
  found	
  for	
  treatments	
  that	
  increase	
  spike	
  firing.	
  

	
   Using	
   paired	
   transcranial	
   stimulation	
  methods,	
   it	
   has	
   been	
   found	
   that	
   the	
  

excitability	
   of	
   the	
   human	
   motor	
   cortex	
   may	
   behave	
   in	
   a	
   homeostatic	
   manner.	
  

Stimulation	
  paradigms	
   that	
  produce	
  an	
  LTD-­‐like	
  decrease	
   in	
  excitability	
  boost	
   the	
  

effects	
  of	
   subsequent	
  LTP-­‐like	
   stimulation.	
   Similarly,	
   an	
   initial	
   application	
  of	
  LTP-­‐

like	
  stimulation	
  attenuates	
  the	
  effects	
  of	
  a	
  second	
  application	
  LTP-­‐like	
  stimulation	
  

(Müller	
  et	
  al.,	
  2007).	
  Such	
  experiments	
  help	
  illuminate	
  the	
  substrates	
  that	
  underlie	
  

the	
  homeostatic	
  behavioural	
  results	
  observed	
   in	
  the	
  motor	
  domain:	
  prior	
   learning	
  

of	
   a	
   motor	
   task	
   impedes	
   the	
   acquisition	
   of	
   a	
   novel	
   task	
   that	
   relies	
   on	
   the	
   same	
  

effectors	
  (Shadmehr	
  &	
  Brashers-­‐Krug,	
  1997).	
  Moreover,	
  the	
  inability	
  to	
  respond	
  to	
  

acute	
  increases	
  in	
  corticospinal	
  excitability	
  via	
  homeostatic	
  mechanisms	
  is	
  thought	
  

to	
   partially	
   underlie	
   the	
   pathophysiology	
   of	
   writer’s	
   cramp	
   (Kang	
   et	
   al.,	
   2011;	
  

Quartarone	
  et	
  al.,	
  2005).	
  

	
  

1.3 MOTOR	
  FUNCTION	
  AFTER	
  STROKE	
  

	
   Each	
  year,	
  over	
   fifteen	
  million	
  people	
  will	
  have	
  a	
   stroke	
   in	
   the	
  world,	
  with	
  

only	
  ten	
  percent	
  experiencing	
  a	
  full	
  recovery.	
  The	
  majority	
  of	
  stroke	
  survivors	
  are	
  

left	
   with	
   disabilities	
   that	
   can	
   span	
   the	
   motor,	
   sensory,	
   and	
   cognitive	
   domains.	
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Various	
   therapies	
   are	
   available	
   to	
   target	
   these	
   impairments,	
   ranging	
   from	
   simple	
  

exercise	
  regimes	
  to	
  non-­‐invasive	
  brain	
  stimulation.	
  As	
  the	
  proportion	
  of	
  the	
  elderly	
  

in	
  our	
  population	
  continues	
  to	
  rise,	
  so	
  too	
  does	
  the	
  incidence	
  of	
  stroke.	
  Because	
  of	
  

this,	
   a	
   greater	
   understanding	
   of	
   rehabilitative	
   efforts	
   aimed	
   toward	
   improving	
  

stroke	
  recovery	
  is	
  becoming	
  increasingly	
  relevant.	
  

	
  

1.3.1 OVERVIEW	
  OF	
  STROKE	
  

	
   Stroke	
   is	
   the	
   second	
   most	
   common	
   cause	
   of	
   mortality	
   per	
   year	
   in	
   the	
  

developed	
   world:	
   over	
   5.5	
   million	
   people	
   die	
   due	
   to	
   stroke	
   and	
   stroke-­‐related	
  

complications	
  annually	
  (Strong	
  et	
  al.,2007).	
  Moreover,	
  stroke	
  is	
  the	
  leading	
  cause	
  of	
  

adult	
   disability,	
   with	
   nearly	
   half	
   of	
   all	
   survivors	
   requiring	
   continued	
   care	
   and	
   a	
  

substantial	
   number	
   rating	
   their	
   quality	
   of	
   life	
   as	
   very	
   poor	
   (Chen	
   et	
   al.,	
   2010).	
  

Several	
  risk	
  factors	
  for	
  stroke	
  have	
  been	
  identified,	
  including	
  non-­‐modifiable	
  factors	
  

like	
   gender	
   and	
   age,	
   and	
  modifiable	
   lifestyle	
   choices.	
   Stroke	
   occurs	
  more	
   often	
   in	
  

men	
  than	
  in	
  women,	
  in	
  the	
  elderly	
  than	
  in	
  the	
  young,	
  and	
  in	
  blacks	
  than	
  Hispanics	
  

or	
   whites	
   (Goldstein	
   et	
   al.,	
   2006).	
   Major	
   modifiable	
   risk	
   factors	
   include	
  

hypertension,	
   smoking,	
   and	
  Type	
  2	
  diabetes.	
  Combined,	
   these	
  preventable	
   factors	
  

account	
  for	
  over	
  half	
  of	
  the	
  population	
  attributable	
  risk	
  (Goldstein,	
  2009).	
  Treating	
  

hypertension	
   alone	
   was	
   found	
   to	
   result	
   in	
   a	
   38%	
   reduction	
   in	
   risk	
   of	
   stroke.	
  

Cessation	
  of	
  smoking	
  led	
  to	
  a	
  50%	
  reduction	
  after	
  one	
  year,	
  and	
  a	
  return	
  to	
  baseline	
  

after	
  five	
  (Goldstein	
  et	
  al.,	
  2006).	
  

	
  

1.3.1.1 Classification	
  

	
   Stroke	
   is	
   a	
   clinical	
   syndrome	
   that	
   leads	
   to	
   loss	
   of	
   cerebral	
   function	
   lasting	
  

more	
  than	
  24	
  hours,	
  with	
  no	
  apparent	
  cause	
  other	
  than	
  a	
  vascular	
  origin	
  (Warlow	
  et	
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al.,	
   2001).	
   There	
   are	
   two	
  main	
   categories	
   of	
   stroke:	
   ischaemic	
   and	
   haemorrhagic.	
  

The	
  majority	
  of	
   strokes	
   are	
   ischaemic	
   in	
  nature,	
   composing	
  80%	
  of	
   all	
   cases.	
  The	
  

remaining	
   20%	
   of	
   strokes	
   fall	
   into	
   the	
   subtypes	
   of	
   haemorrhagic	
   stroke:	
  

intracerebral	
   and	
   subarachnoid.	
   They	
   account	
   for	
   10	
   and	
   5	
   percent	
   of	
   strokes,	
  

respectively.	
   Five	
   percent	
   of	
   strokes	
   are	
   of	
   an	
   unknown	
   haemorrhagic	
   origin	
  

(Warlow	
   et	
   al.,	
   2001).	
   The	
   initiating	
   events	
   for	
   strokes	
   are	
   varied,	
   with	
   50%	
   of	
  

ischaemic	
  strokes	
  being	
  caused	
  by	
  arterial	
  wall	
  disorders,	
  25%	
  by	
  intracranial	
  small	
  

vessel	
  disease,	
  20%	
  due	
  to	
  an	
  embolism	
  from	
  the	
  heart,	
  and	
  the	
  remaining	
  5%	
  due	
  

to	
  rare	
  causes.	
  The	
  division	
  is	
  less	
  clear	
  for	
  haemorrhagic	
  strokes,	
  which	
  are	
  more	
  

often	
   caused	
   by	
   a	
   combination	
   of	
   factors,	
   rather	
   than	
   a	
   single	
   initiating	
   event	
  

(excluding	
  trauma)	
  (Warlow	
  et	
  al.,	
  2001).	
  

	
   The	
  Oxfordshire	
  Community	
  Stroke	
  Project	
  (OCSP)	
  has	
  developed	
  a	
  system	
  

employed	
  to	
  classify	
  strokes	
  based	
  on	
  the	
  symptoms	
  and	
  signs	
  the	
  patient	
  presents	
  

with	
   in	
   the	
   clinic.	
   They	
  note	
   four	
   subtypes	
   of	
   cerebral	
   infarct.	
   (Figure	
   1.9	
   depicts	
  

cerebral	
   blood	
   flow	
   anatomy.)	
   Total	
   anterior	
   circulation	
   infracts	
   (TACI)	
   are	
   those	
  

which	
   result	
   in	
   higher	
   level	
   cerebral	
   dysfunction	
   and	
   ipsilateral	
   sensorimotor	
  

deficits,	
   while	
   partial	
   anterior	
   circulation	
   infarcts	
   (PACI)	
   result	
   in	
   similar	
   deficits	
  

that	
   are	
   less	
   severe	
   and	
   confined	
   to	
   one	
   body	
   part.	
   Posterior	
   circulation	
   infarcts	
  

(POCI)	
  result	
  in	
  contralateral	
  sensorimotor	
  deficits	
  or	
  visual	
  problems,	
  and	
  lacunar	
  

infarcts	
  (LACI)	
  tend	
  to	
  present	
  in	
  one	
  modality,	
  i.e.	
  purely	
  motor	
  or	
  purely	
  sensory.	
  

TACI	
  and	
  PACI	
   tend	
  result	
   from	
  cortical	
   lesions,	
  and	
  POCI	
   from	
  brainstem	
  lesions.	
  

The	
   aetiology	
   of	
   LACI	
   is	
   less	
   clear,	
   but	
   its	
   lesions	
   often	
   occur	
   in	
   deep	
   subcortical	
  

nuclei.	
  Of	
  these,	
  TACI	
  patients	
  have	
  the	
  poorest	
  functional	
  outcomes	
  (Dewey	
  et	
  al.,	
  

2003).	
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Figure	
  1.9:	
   Cerebral	
   blood	
   supply.	
   TACI	
   and	
   PACI	
   affect	
   anterior	
   circulation,	
   POCI	
  
affects	
  posterior	
  circulation,	
  and	
  LACI	
  affects	
  circulation	
  to	
  deep	
  brain	
  structures.	
  Figure	
  
adapted	
  from	
  Gray	
  (2000).	
  
	
  

1.3.1.2 Metabolic	
  Changes	
  During	
  Stroke	
  Onset	
  

	
   In	
  the	
  healthy	
  brain,	
  the	
  rate	
  of	
  blood	
  flow	
  is	
  dependent	
  on	
  the	
  brain’s	
  level	
  

of	
   neuronal	
   activity.	
   	
   As	
   neuronal	
   activity	
   relies	
   on	
   aerobic	
   glucose	
   metabolism,	
  

cerebral	
  blood	
  flow	
  (CBF)	
  and	
  oxygen	
  use	
  are	
  linked	
  (Warlow	
  et	
  al.,	
  2001).	
  During	
  a	
  

stroke,	
  arterial	
  occlusion	
  results	
  in	
  reduced	
  CBF	
  to	
  the	
  brain	
  area	
  that	
  the	
  blocked	
  

vessel	
  serves.	
  In	
  an	
  attempt	
  to	
  maintain	
  normal	
  levels	
  of	
  oxygen	
  delivery	
  in	
  spite	
  of	
  

reduced	
  blood	
   flow,	
   the	
  vessels	
  dilate,	
   a	
  natural	
  process	
  known	
  as	
   autoregulation	
  

(Powers,	
   1991).	
   If	
   the	
   occlusion	
   remains	
   and	
   cerebral	
   perfusion	
   continues	
   to	
   fall,	
  

the	
   brain’s	
   autoregulative	
   ability	
   to	
   maintain	
   oxygen	
   demands	
   will	
   be	
   exceeded.	
  

Cells	
  will	
  then	
  increase	
  the	
  amount	
  of	
  oxygen	
  extracted	
  from	
  the	
  blood	
  (the	
  oxygen	
  

extraction	
  ration,	
  OER),	
  leading	
  to	
  a	
  state	
  known	
  as	
  misery	
  perfusion	
  (Bornstein	
  &	
  

Brown,	
   1991).	
   Once	
   the	
   OER	
   has	
   reached	
   its	
   limit,	
   oxygen	
   delivery	
   again	
   falls,	
  

ultimately	
   leading	
  to	
  neuronal	
  damage	
  and	
  death	
  (Bornstein	
  &	
  Brown,	
  1991).	
  The	
  

extent	
  to	
  which	
  this	
  oxygen-­‐deprived	
  state	
  exists	
  and	
  persists	
  determines	
  whether	
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the	
   tissue	
   becomes	
   part	
   of	
   the	
   central	
   ischemic	
   zone	
   or	
   the	
   peripheral	
   ischemic	
  

penumbra,	
  an	
  area	
  that	
   is	
   functionally	
   inactive	
  but	
  structurally	
   intact	
  (Davis	
  et	
  al.,	
  

2003).	
  

	
  

1.3.1.3 Cognitive	
  and	
  Behavioral	
  Sequelae	
  

	
   Because	
   our	
   population	
   is	
   rapidly	
   aging,	
   and	
   advanced	
   age	
   is	
   a	
   significant	
  

risk	
  factor	
  for	
  stroke,	
  it	
  is	
  likely	
  that	
  the	
  incidence	
  of	
  stroke	
  will	
  climb	
  in	
  the	
  coming	
  

years	
   (Strong	
  et	
  al.,	
  2007).	
  Moreover,	
   as	
   interventions	
  become	
  more	
  effective	
  and	
  

post	
   stroke	
   mortality	
   declines,	
   an	
   increasing	
   number	
   of	
   patients	
   are	
   surviving	
  

strokes,	
   albeit	
   with	
   impairments.	
   Fully	
   half	
   of	
   all	
   stroke	
   survivors	
   are	
   left	
   with	
  

cognitive	
   or	
   physical	
   impairments	
   of	
   varying	
   severity	
   levels	
   and	
   presentation	
   (Di	
  

Carlo,	
   2008).	
   Cognitive	
   changes	
   following	
   stroke	
   include	
   dementia,	
   personality	
  

changes,	
  and	
  language	
  impairments,	
  each	
  of	
  which	
  can	
  influence	
  and	
  be	
  influenced	
  

by	
   depression	
   (Kalaria	
   &	
   Ballard,	
   2001).	
   Such	
   cognitive	
   changes	
   are	
   important	
  

when	
  creating	
  a	
  motor	
  rehabilitation	
  regime,	
  as	
  they	
  will	
  affect	
  the	
  patient’s	
  ability	
  

to	
  participate	
  in	
  and	
  adhere	
  to	
  the	
  program.	
  

	
  

1.3.2 STROKE-­INDUCED	
  PLASTICITY	
  

1.3.2.1 Perilesional	
  Cortex	
  

	
   Adjacent	
  to	
  the	
  ischemic	
  core,	
  there	
  are	
  two	
  types	
  of	
  tissue	
  to	
  consider:	
  that	
  

of	
   the	
   ischemic	
   penumbra	
   and	
   the	
   remaining	
   peri-­‐infarct	
   cortex.	
   As	
   noted	
   above,	
  

tissue	
  in	
  the	
  penumbra	
  is	
  functionally	
  inactive	
  but	
  maintains	
  its	
  structural	
  integrity.	
  

The	
   latter	
   characteristic	
   raises	
   the	
  possibility	
   that	
   this	
   tissue	
   can	
  be	
   converted	
   to	
  

viable	
  cortex.	
  Indeed,	
  studies	
  in	
  animals	
  have	
  demonstrated	
  that,	
  following	
  a	
  stroke,	
  

this	
  area	
  exhibits	
   the	
  greatest	
   level	
  of	
  growth-­‐related	
  molecular	
  changes	
   (Cramer,	
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2008a).	
   In	
   humans,	
   Furlan	
   and	
   colleagues	
   have	
   shown	
   that	
   reperfusion	
   of	
  

penumbral	
  tissue	
  is	
  critical	
  in	
  promoting	
  early	
  stroke	
  recovery	
  (	
  Furlan	
  et	
  al.,	
  1996).	
  

Recovery	
  of	
   function	
  in	
  the	
  penumbra	
  and	
  peri-­‐infarct	
  cortex	
  may	
  be	
  mediated	
  by	
  

axonal	
   sprouting,	
   increased	
   dendritic	
   remodelling,	
   and	
   synaptogenesis	
   (Hosp	
   &	
  

Luft,	
  2011).	
  

	
   Slightly	
   farther	
   afield	
   than	
   the	
   penumbra,	
   tissue	
   that	
   remains	
   both	
  

structurally	
   and	
   functionally	
   intact	
  may	
   assume	
   functions	
   once	
   performed	
   by	
   the	
  

damaged	
   tissue.	
   Specifically,	
   somatotopic	
   representations	
   of	
   the	
   body	
   may	
   shift	
  

toward	
  undamaged	
   cortical	
   areas.	
   Such	
   reorganization	
   following	
  brain	
   injury	
  was	
  

first	
  documented	
  in	
  non-­‐human	
  primates	
  (Nudo	
  &	
  Milliken,	
  1996),	
  but	
  may	
  occur	
  in	
  

stroke	
   patients	
   as	
   well.	
   Multiple	
   studies	
   have	
   demonstrated	
   a	
   posterior	
   shift	
   in	
  

sensorimotor	
   activation	
   following	
   stroke,	
   as	
   seen	
   on	
   task-­‐activated	
   fMRI	
   scans	
  

(Calautti	
  et	
  al.,	
  2003;	
  Pineiro	
  et	
  al.,	
  2001).	
  In	
  patients	
  with	
  isolated	
  primary	
  motor	
  

cortex	
  stroke,	
  a	
   longitudinal	
   study	
  documented	
   increasingly	
  dorsal	
   shifts	
   in	
   finger	
  

representations	
  within	
  M1	
  over	
  a	
  two	
  year	
  period	
  (Jaillard	
  et	
  al.,	
  2005).	
  While	
  these	
  

somatotopic	
   shifts	
   are	
   presumably	
   beneficial,	
   increased	
   perilesional	
   activation	
  

following	
   stroke	
   has	
   not	
   been	
   reliably	
   shown	
   to	
   directly	
   correlate	
  with	
   improved	
  

motor	
  recovery	
  (Cramer	
  et	
  al.,	
  2006).	
  

	
  

1.3.2.2 Lesioned	
  Hemisphere	
  

	
   During	
   the	
   acute	
   phase	
   of	
   stroke	
   there	
   is	
   substantial	
   oedema	
   and	
  

modifications	
   of	
   cerebral	
   blood	
   flow	
   occur.	
   Such	
   relatively	
   transient	
   effects	
   may	
  

mask	
   the	
   activity	
   of	
   brain	
   regions	
   that	
   are	
   essentially	
   unaffected,	
   in	
   a	
   process	
  

termed	
   diaschisis	
   (Bornstein	
   &	
   Brown,	
   1991).	
   The	
   gradual	
   resolution	
   of	
   this	
  

pathology	
  may	
  be	
  partially	
  responsible	
   for	
  early	
  recovery.	
  Moreover,	
   in	
  the	
  weeks	
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and	
  months	
   following	
  stroke,	
  areas	
  distant	
   from	
  but	
   connected	
   to	
   the	
   infarct	
  may	
  

assume	
  the	
  functions	
  of	
  the	
  damaged	
  tissue	
  to	
  counteract	
  the	
  loss	
  of	
  input	
  (Cramer,	
  

2008a).	
  After	
  trauma	
  resulting	
  in	
  reduction	
  of	
  signals	
  from	
  M1	
  to	
  the	
  corticospinal	
  

tract,	
  secondary	
  motor	
  areas	
  begin	
  a	
  compensatory	
  process	
  in	
  which	
  spared	
  regions	
  

of	
  M1,	
  SMA,	
  and	
  PMC	
  show	
  increased	
  activity	
  (Ward	
  &	
  Cohen,	
  2004;	
  Webster	
  et	
  al.,	
  

2006).	
   Indeed,	
   increased	
   activity	
   in	
   the	
   ipsilesional	
   SMA	
   is	
   correlated	
   with	
  

improved	
  hand	
  performance,	
  and	
  is	
  predictive	
  of	
  better	
  recovery	
  (Loubinoux	
  et	
  al.,	
  

2003).	
   Likewise,	
   disruption	
   of	
   the	
   ipsilesional	
   PMd	
   with	
   TMS	
   increases	
   motor	
  

reaction	
   times	
   in	
  patients	
  but	
  not	
  controls	
   (Fridman	
  et	
  al.,	
  2004).	
  Taken	
   together,	
  

studies	
   such	
   as	
   these	
   argue	
   for	
   the	
   beneficial	
   nature	
   of	
   enhanced	
   involvement	
   of	
  

ipsilesional	
  secondary	
  motor	
  areas	
  following	
  stroke.	
  

	
  

1.3.2.3 Intact	
  Hemisphere	
  

	
   Following	
  stroke,	
  there	
  is	
  a	
  shift	
  in	
  movement-­‐related	
  activation	
  towards	
  the	
  

contralesional	
   hemisphere,	
   documented	
   as	
   a	
   decrease	
   in	
   the	
   laterality	
   index	
   of	
  

motor	
  movements	
  (Feydy	
  et	
  al.,	
  2002).	
  One	
  view	
  explains	
  this	
  phenomenon	
  as	
  the	
  

contralesional	
  equivalent	
  of	
  the	
  enhanced	
  recruitment	
  shown	
  by	
  ipsilesional	
  motor	
  

areas	
   (Cramer,	
   2008a).	
   A	
   second	
   interpretation	
   is	
   that	
   the	
   shift	
   in	
   activity	
   is	
   a	
  

passive	
  change	
  brought	
  about	
  by	
  reduced	
   inhibition	
  originating	
   from	
  the	
   lesioned	
  

cortex	
  (Dancause	
  &	
  Nudo,	
  2011).	
  The	
   increasingly	
  active	
  unlesioned	
  motor	
  cortex	
  

then	
   further	
   inhibits	
   the	
   lesioned	
   motor	
   cortex,	
   as	
   evidenced	
   by	
   TMS	
   studies	
   of	
  

interhemispheric	
   inhibition	
   (Murase	
   et	
   al.,	
   2004).	
   The	
   resulting	
   inhibition	
   of	
   the	
  

lesioned	
   motor	
   cortex	
   may	
   prove	
   detrimental	
   to	
   long	
   term	
   recovery	
   prospects.	
  

Stroke	
  patients	
  who	
   are	
  well	
   recovered	
   thirty	
  days	
   after	
   stroke	
   continue	
   to	
   show	
  

increased	
  intracortical	
   inhibition	
  in	
  the	
  lesioned	
  hemisphere,	
  but	
  have	
  returned	
  to	
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normal	
   on	
   the	
   unaffected	
   side	
   (Manganotti	
   et	
   al.,	
   2002).	
   Poor	
   recovery	
   was	
  

associated	
   with	
   continued	
   abnormal	
   inhibition	
   within	
   both	
   hemispheres	
  

(Manganotti	
   et	
   al.,	
   2002).	
   This	
   suggests	
   that	
   increased	
   inhibition	
   emanating	
   from	
  

the	
  intact	
  hemisphere	
  is	
  more	
  deleterious	
  than	
  reduced	
  inhibition	
  from	
  the	
  lesioned	
  

hemisphere.	
  

	
   However,	
  particularly	
  during	
  the	
  chronic	
  stage,	
  such	
  increased	
  activity	
  in	
  the	
  

unaffected	
  hemisphere	
  may	
  actually	
  be	
  beneficial.	
  In	
  healthy	
  subjects,	
  the	
  ipsilateral	
  

SM1	
   is	
   recruited	
   during	
   performance	
   of	
   complex	
   or	
   difficult	
   motor	
   tasks.	
   After	
  

stroke,	
   it	
   may	
   be	
   that	
   even	
   apparently	
   simple	
   tasks	
   become	
   demanding,	
   and	
   so	
  

recruit	
  the	
  SM1	
  of	
  the	
  ipsilateral,	
  SM1	
  (Calautti	
  et	
  al.,	
  2003).	
   It	
   is	
  possible	
  that	
  the	
  

intact	
   hemisphere	
   undergoes	
   adaptive	
   plasticity	
   to	
   become	
   more	
   involved	
   in	
  

control	
  of	
  the	
  impaired	
  limb	
  (	
  Schaechter	
  &	
  Perdue,	
  2008).	
  Data	
  on	
  this	
  theory	
  are	
  

conflicting,	
   as	
  TMS	
   stimulation	
   of	
   the	
   intact	
  M1	
  does	
   not	
   usually	
   result	
   in	
  muscle	
  

activity	
  in	
  the	
  ipsilateral,	
  affected	
  limb	
  (Palmer	
  et	
  al.,	
  1992).	
  	
  

	
  

1.3.3 MOTOR	
  RECOVERY	
  FOLLOWING	
  STROKE	
  

	
   Motor	
  deficits	
  following	
  stroke	
  vary	
  from	
  complete	
  hemiplegia,	
  to	
  the	
  loss	
  of	
  

fine	
  motor	
  movement,	
   to	
   spasticity,	
  defined	
  as	
   the	
   inability	
   to	
  make	
  smooth,	
   fluid	
  

motor	
   movements	
   (Olvey,	
   Armstrong,	
   &	
   Grizzle,	
   2010).	
   Overall,	
   10%	
   of	
   stroke	
  

survivors	
  achieve	
  nearly	
  full	
  recovery,	
  25%	
  have	
  minor	
  impairments,	
  10%	
  require	
  

care	
   in	
   a	
   long-­‐term	
   facility,	
   and	
   the	
   remainder	
   have	
   moderate	
   to	
   severe	
   motor	
  

deficits	
   (Goldstein,	
   2009).	
   To	
   compensate	
   for	
   these	
   impairments,	
   patients	
   often	
  

modify	
  the	
  way	
  in	
  which	
  they	
  perform	
  motor	
  tasks.	
  Such	
  behavioural	
  compensation	
  

can	
  be	
  seen	
  during	
  gross	
  movements,	
  in	
  which	
  patients	
  recruit	
  muscles	
  of	
  the	
  trunk	
  

to	
  perform	
  actions	
  that	
  would	
  normally	
  be	
  performed	
  solely	
  by	
  the	
  arm	
  (Cirstea	
  &	
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Levin,	
  2000),	
  and	
  also	
  in	
  fine	
  motor	
  movements,	
  such	
  as	
  object	
  grasping	
  (Raghavan	
  

et	
   al.,	
   2010).	
   While	
   beneficial	
   in	
   performing	
   activities	
   of	
   daily	
   life,	
   such	
  

compensatory	
  techniques	
  should	
  not	
  be	
  confused	
  with	
  actual	
  recovery	
  that	
  returns	
  

both	
  brain	
  and	
  behaviour	
  to	
  normal	
  baseline	
  functioning.	
  	
  

	
  

1.3.3.1 Predictors	
  of	
  Recovery	
  

	
   Some	
  degree	
  of	
  spontaneous	
  recovery	
  is	
  apparent	
  in	
  the	
  weeks	
  and	
  months	
  

following	
  a	
  stroke,	
  with	
  the	
  most	
  dramatic	
  improvements	
  occurring	
  within	
  the	
  first	
  

30	
  days.	
  In	
  cases	
  of	
  severe	
  impairment,	
  rapid	
  improvements	
  may	
  continue	
  for	
  up	
  to	
  

90	
  days	
  before	
  tapering	
  off	
  (Cramer,	
  2008a).	
  This	
  acute	
  phase	
  of	
  recovery	
  plateaus	
  

three	
  to	
  six	
  months	
  after	
  the	
  stroke	
  (Studenski	
  et	
  al.,	
  2001).	
  Spontaneous	
  recovery	
  

is	
   associated	
   with	
   shifts	
   in	
   maps	
   present	
   in	
   the	
   cortex	
   surrounding	
   the	
   infarct,	
  

increased	
  activation	
  in	
  secondary	
  areas	
  that	
  are	
  normally	
  connected	
  to	
  the	
  injured	
  

zone,	
   and	
   a	
   shift	
   in	
   interhemispheric	
   lateralization	
   toward	
   the	
   contralesional	
  

hemisphere	
  (Cramer,	
  2008a).	
  While	
  such	
  compensatory	
  mechanisms	
  are	
  beneficial	
  

in	
   the	
   short	
   term,	
   they	
   may	
   become	
   detrimental	
   if	
   they	
   persist	
   into	
   the	
   chronic	
  

phase	
  (Ward	
  et	
  al.,	
  2003).	
  

	
   Behavioural	
  and	
  anatomical	
  characteristics	
  of	
  the	
  stroke,	
  as	
  well	
  as	
  the	
  level	
  

of	
  preserved	
  CNS	
  function,	
  can	
  also	
  aide	
  in	
  predicting	
  the	
  extent	
  and	
  rate	
  at	
  which	
  

recovery	
   occurs	
   during	
   the	
   chronic	
   stage.	
   Behaviourally,	
   less	
   severe	
   impairments	
  

carry	
   a	
   better	
   prognosis	
   for	
   recovery	
   (Kwakkel	
   et	
   al.,1996),	
   with	
   the	
   degree	
   of	
  

motor	
  deficits	
  providing	
  the	
  most	
  reliable	
  predictions	
  of	
  motor	
  recovery,	
   followed	
  

by	
   sensory	
   and	
   visual	
   deficits	
   (Stinear,	
   2010).	
   Within	
   the	
   motor	
   domain,	
   the	
  

timecourse	
   of	
   recovery	
   varies	
   depending	
   on	
   whether	
   the	
   impairment	
   primarily	
  

affected	
  the	
  upper	
  or	
  lower	
  extremities.	
  Following	
  discharge,	
  the	
  rate	
  of	
  recovery	
  in	
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the	
   lower	
  extremities	
  drops,	
  while	
   that	
  of	
   the	
  upper	
  extremities	
  remains	
  constant	
  

(Desrosiers	
  et	
  al.,	
  2003).	
  

	
   Information	
   about	
   the	
   lesion	
   itself	
   can	
   also	
   be	
   employed	
   to	
   predict	
   the	
  

possible	
  degree	
  of	
  recovery.	
  Such	
  neuroimaging	
  results	
  may	
  prove	
  more	
  useful	
  than	
  

behavioural	
  measures	
  (Milot	
  &	
  Cramer,	
  2008).	
  Larger	
   infarct	
  volume	
  is	
  associated	
  

with	
  more	
  modest	
  benefits	
  from	
  rehabilitation	
  and	
  poorer	
  outcomes	
  overall	
  (Saver	
  

et	
   al.,	
   1999).	
   A	
   decrease	
   in	
   the	
   fractional	
   anisotropy	
   in	
   diffusion	
   weighted	
   MRI	
  

images	
   is	
  associated	
  with	
  poor	
  recovery	
  (Stinear,	
  2010),	
  while	
   the	
   integrity	
  of	
   the	
  

corticospinal	
   tract	
   	
   (CST)	
   predicts	
   responsiveness	
   to	
   rehabilitation	
   (Riley	
   et	
   al.,	
  

2011).	
  Relatedly,	
  the	
  presence	
  of	
  motor	
  evoked	
  potentials	
  (MEPs),	
  a	
  measure	
  of	
  CST	
  

and	
  nervous	
  system	
  function,	
  is	
  also	
  highly	
  predictive	
  of	
  motor	
  recovery	
  (Hendricks	
  

et	
  al.,	
  2002).	
  	
  

	
  

1.3.3.2 Motor	
  Rehabilitation	
  

	
   Additional	
   steps	
   can	
   be	
   taken	
   to	
   improve	
   recovery	
   after	
   stroke	
   above	
   and	
  

beyond	
  naturally	
   occurring	
   processes.	
  Hemiparetic	
   patients	
   exhibit	
   elevated	
   daily	
  

energy	
   requirements,	
   yet	
   their	
  maximum	
   aerobic	
   ability	
   is	
   lower	
   than	
   in	
   healthy	
  

controls	
  (Ivey	
  et	
  al.,	
  2006).	
  To	
  address	
  this	
  incongruity,	
  aerobic	
  exercise	
  programs	
  

aimed	
  at	
  increasing	
  cardiovascular	
  fitness	
  have	
  been	
  used	
  to	
  provide	
  patients	
  with	
  

the	
  energy	
  necessary	
  to	
  support	
  activities	
  of	
  daily	
  living	
  (Ivey	
  et	
  al.,	
  2006).	
  A	
  broad	
  

and	
   diverse	
   group	
   of	
   rehabilitation	
   regimens	
   focuses	
   on	
   task	
   specific	
   training,	
  

utilizing	
  goal	
  directed	
  practice,	
  repetition,	
  and	
  feedback	
  (Hubbard	
  et	
  al.,	
  2009).	
  Such	
  

rehabilitation	
   programs	
   are	
   based	
   on	
   the	
   assumption	
   that	
   patients’	
   levels	
   of	
  

functioning	
  can	
  improve	
  with	
  practice.	
  Thus,	
  the	
  theories	
  underlying	
  many	
  of	
  these	
  

therapies	
   overlap	
   with	
   the	
   foundations	
   of	
   motor	
   learning	
   (see	
   section	
   1.2.1.4)	
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(Krakauer,	
   2006).	
   These	
   types	
   of	
   programs	
   are	
   often	
   geared	
   toward	
   the	
   patient’s	
  

specific	
   deficit,	
   emphasizing	
   functional	
   tasks	
   rather	
   than	
   motor	
   strengthening	
  

(Cramer,	
  2008b).	
  

	
   One	
   such	
   form	
   of	
   task-­‐oriented	
   training	
   is	
   Arm	
   Ability	
   Training.	
   This	
  

program	
  uses	
  repetitive	
  tasks,	
  and	
  varies	
  their	
  difficulty	
  and	
  training	
  schedule,	
  thus	
  

taking	
   advantage	
   of	
   the	
   advances	
   made	
   in	
   motor	
   learning	
   (Krakauer,	
   2006).	
   For	
  

patients	
   with	
   mild	
   hemiparesis,	
   this	
   form	
   of	
   rehabilitation	
   has	
   been	
   shown	
   to	
  

improve	
  performance	
  of	
  motor	
  skills	
  such	
  as	
  hand	
  grip	
  and	
  aimed	
  reaching	
  (Platz	
  et	
  

al.,	
  2001).	
  There	
  are	
  also	
  several	
  therapy	
  programs	
  available	
  for	
  patients	
  with	
  more	
  

moderate	
  to	
  severe	
  impairments.	
  In	
  constraint-­‐induced	
  movement	
  therapy	
  (CIMT),	
  

the	
  unaffected	
   arm	
   is	
   physically	
   restrained	
   for	
   up	
   to	
   90%	
  of	
   the	
  patient’s	
  waking	
  

hours.	
   For	
   patients	
   in	
   the	
   acute	
   phase,	
   CIMT	
   aims	
   to	
   prevent	
   the	
   development	
   of	
  

compensatory	
   behaviours	
   that	
   may	
   hinder	
   proper	
   recovery.	
   For	
   patients	
   in	
   the	
  

chronic	
   phase,	
   CIMT	
   helps	
   to	
   overcome	
   learned	
   non-­‐use	
   (Krakauer,	
   2006b).	
  

Following	
  CIMT,	
  increased	
  fMRI	
  activation	
  in	
  the	
  ipsilesional	
  SM1	
  is	
  correlated	
  with	
  

improved	
  motor	
  performance	
  (Könönen	
  et	
  al.,	
  2012).	
  

	
   Two	
  additional	
  rehabilitation	
  programs	
  that	
  rely	
  on	
  machine	
  assistance	
  have	
  

gained	
   increasing	
   prominence.	
   The	
   first	
   of	
   which	
   employs	
   an	
   augmented	
   virtual	
  

reality.	
  While	
  receiving	
   task-­‐oriented	
  therapies,	
  patients	
  are	
  given	
  visual	
   feedback	
  

on	
  their	
  motor	
  performance	
  that	
  is	
  more	
  selective	
  and	
  salient	
  than	
  in	
  the	
  real	
  world	
  

(Deutsch	
  et	
  al.,	
  2004),	
  for	
  example,	
  on	
  the	
  exact	
  positioning	
  of	
  their	
  hand	
  or	
  on	
  the	
  

velocity	
  of	
   their	
   finger	
  movements.	
   In	
   interactive	
   robotic	
   therapy,	
  movements	
  are	
  

performed	
  within	
  varying	
  force	
  fields	
  that	
  the	
  patient	
  must	
  adapt	
  to.	
  This	
  requires	
  

continual	
   updating	
   of	
   the	
   patient’s	
   internal	
   representation	
   of	
   their	
   movements,	
  

making	
  this	
  therapy	
  more	
  similar	
  to	
  conventional	
  motor	
  learning	
  (Krakauer,	
  2006).	
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Interactive	
  robotic	
  therapy	
  has	
  proven	
  useful	
   in	
  both	
  the	
  acute	
  and	
  chronic	
  stroke	
  

phase,	
  with	
   improvements	
   above	
   and	
   beyond	
   those	
   seen	
   in	
   conventional	
   therapy	
  

(Fasoli	
  et	
  al.,	
  2003;	
  Lum	
  et	
  al.,	
  2002;	
  Volpe	
  et	
  al.,	
  2000).	
  

	
   With	
   each	
   of	
   these	
   rehabilitation	
   programs,	
   it	
   is	
   important	
   to	
   assess	
   the	
  

extent	
   to	
   which	
   gains	
   generalize	
   to	
   untrained	
   tasks,	
   and	
   whether	
   rehabilitation	
  

induced	
  gains	
  persist	
  after	
  treatment	
  ceases.	
  

	
  

1.3.3.3 Non-­invasive	
  Stimulation	
  

	
   Non-­‐invasive	
   stimulation,	
   either	
   peripheral	
   or	
   cortical,	
   can	
   be	
   used	
   in	
  

conjunction	
   with	
   motor	
   training	
   programs	
   to	
   produce	
   more	
   robust	
   behavioural	
  

gains	
   (Bolognini	
   et	
   al.,	
   2009).	
   Peripheral	
   Sensory	
   Stimulation	
   (PSS)	
   provides	
  

external	
   somatosensory	
   input	
   during	
   the	
   execution	
   of	
   motor	
   tasks,	
   aiming	
   to	
  

reinforce	
  the	
  sensorimotor	
  feedback	
  loop	
  (Conforto	
  et	
  al.,	
  2010).	
  Single	
  sessions	
  of	
  

PSS	
   result	
   in	
   transient	
   improvements	
   in	
   pinch	
   force	
   for	
   both	
   acute	
   (Klaiput	
   &	
  

Kitisomprayoonkul,	
  2009)	
  and	
  chronic	
  patients	
  (Celnik	
  et	
  al.,	
  2007).	
  Another	
  non-­‐

invasive	
  form	
  of	
  peripheral	
  stimulation,	
  EMG	
  Triggered	
  Neuromuscular	
  Stimulation,	
  

seeks	
  to	
  recruit	
  spared	
  motor	
  areas	
  during	
  task	
  performance.	
  When	
  muscle	
  activity	
  

during	
   motor	
   performance	
   reaches	
   a	
   predefined	
   threshold	
   as	
   measured	
   by	
   EMG	
  

activity,	
   an	
   assistive	
   electrical	
   stimulus	
   is	
   given	
   to	
   facilitate	
   completion	
   of	
   the	
  

movement	
   (Krakauer,	
   2006).	
   This	
   system	
   has	
   been	
   shown	
   to	
   improve	
   motor	
  

performance	
  in	
  the	
  subacute,	
  acute,	
  and	
  chronic	
  phases	
  of	
  stroke	
  (Bolton,	
  Cauraugh,	
  

&	
  Hausenblas,	
  2004).	
  

	
   When	
  used	
  as	
  an	
  aide	
  in	
  stroke	
  rehabilitation,	
  a	
  central	
  goal	
  of	
  non-­‐invasive	
  

cortical	
  stimulation	
  is	
  to	
  rectify	
  overcompensation	
  in	
  the	
  contralesional	
  hemisphere	
  

that	
   often	
   accompanies	
   spontaneous	
   recovery.	
   Specifically,	
   repetitive	
   transcranial	
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magnetic	
  stimulation	
  (rTMS)	
  and	
  transcranial	
  direct	
  current	
  stimulation	
  (tDCS)	
  aim	
  

to	
  restore	
  the	
  balance	
  of	
  inhibition	
  between	
  hemispheres.	
  (The	
  mechanisms	
  of	
  TMS	
  

and	
   tDCS	
   are	
   discussed	
   in	
   detail	
   in	
   sections	
   2.1	
   and	
   2.2,	
   respectively.)	
   High	
  

frequency	
   rTMS	
   or	
   anodal	
   tDCS	
   to	
   the	
   ipsilesional	
   M1	
   are	
   used	
   to	
   enhance	
  

excitability	
  of	
  the	
  damaged	
  cortex.	
  Low	
  frequency	
  rTMS	
  or	
  cathodal	
  tDCS	
  applied	
  to	
  

the	
   contralesional	
   M1	
   seek	
   to	
   suppress	
   excitability	
   of	
   the	
   unaffected	
   cortex	
  

(Bolognini	
  et	
  al.,	
  2009).	
  rTMS	
  protocols,	
  when	
  combined	
  with	
  motor	
  training,	
  have	
  

been	
   shown	
   effective	
   in	
   acute	
   (Khedr	
   et	
   al.,	
   2005)	
   and	
   chronic	
   (Kim	
   et	
   al.,	
   2006)	
  

stroke	
  patients.	
  Motor	
  performance	
  is	
  also	
  improved	
  following	
  either	
  form	
  of	
  tDCS	
  

(Fregni	
   et	
   al.,	
   2005;	
   Hummel,	
   2005),	
   including	
   bilateral	
   stimulation	
   to	
  

simultaneously	
   excite	
   the	
   lesioned	
   hemisphere	
   and	
   suppress	
   the	
   unlesioned	
  

hemisphere	
  (Lindenberg	
  et	
  al.,	
  2010).	
  The	
  degree	
  of	
  such	
  improvements	
  following	
  

anodal	
   tDCS	
   to	
   the	
   ipsilesional	
  M1	
   is	
   correlated	
  with	
   increased	
   task-­‐related	
   fMRI	
  

activity	
  in	
  the	
  region	
  (Stagg	
  et	
  al.,	
  2012).	
  

	
  

1.4 SUMMARY	
  

	
   This	
   chapter	
   has	
   provided	
   an	
   overview	
   of	
   the	
   human	
   motor	
   system,	
  

exploring	
   its	
  anatomy	
  and	
  physiology,	
  as	
  well	
   its	
  behavioural	
  relevance	
   in	
  healthy	
  

adults	
  and	
  stroke	
  patients.	
  The	
  overarching	
  theme	
  of	
  this	
  thesis	
  is	
  the	
  way	
  in	
  which	
  

brain	
   stimulation	
   affects	
   motor	
   cortical	
   physiology,	
   and	
   how	
   this	
   interaction	
   can	
  

best	
  be	
  harnessed	
  to	
  improve	
  motor	
  recovery	
  in	
  stroke	
  patients.	
  Chapter	
  2	
  contains	
  

a	
  summary	
  of	
  the	
  stimulation	
  methods	
  used	
  (tDCS	
  and	
  TMS),	
  and	
  Chapter	
  3	
  details	
  

the	
  imaging	
  techniques	
  employed	
  to	
  capture	
  the	
  ensuing	
  changes.	
  The	
  general	
  aims	
  

of	
  this	
  thesis	
  are	
  to	
  probe:	
  

(a) how	
  tDCS	
  affects	
  the	
  functional	
  connectivity	
  of	
  the	
  brain	
  as	
  a	
  whole,	
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(b) neurophysiological	
  changes	
  in	
  intrinsic	
  cortical	
  networks	
  within	
  M1,	
  

(c) the	
  feasibility	
  of	
  tDCS	
  as	
  an	
  adjunct	
  in	
  stroke	
  rehabilitation.	
  

Chapter	
   4	
   uses	
   resting	
   state	
   imaging	
   to	
   examine	
   wide-­‐scale	
   changes	
   within	
  

functional	
  networks	
  of	
  the	
  brain,	
  comparing	
  the	
  results	
  produced	
  by	
  two	
  different	
  

polarities	
  of	
  tDCS.	
  Chapter	
  5	
  then	
  focuses	
  on	
  the	
  modulatory	
  effects	
  of	
  tDCS	
  within	
  

M1,	
   investigating	
   how	
   the	
   temporal	
   relationship	
   between	
   stimulation	
   and	
   task	
  

performance	
   affects	
   subsequent	
   behaviour	
   and	
   neurophysiology.	
   The	
   remaining	
  

two	
  chapters	
  explore	
  how	
  tDCS	
  can	
  be	
  used	
  to	
  improve	
  motor	
  recovery	
  in	
  chronic	
  

stroke	
   patients.	
   In	
   particular,	
   Chapter	
   6	
   details	
   the	
   functional	
   and	
   structural	
  

changes	
   that	
   occur	
   following	
   a	
   combined	
   motor	
   therapy	
   and	
   tDCS	
   rehabilitation	
  

program.	
   Chapter	
   7	
   presents	
   baseline	
   imaging	
   measures	
   that	
   are	
   predictive	
   of	
  

response	
  to	
  said	
  program.	
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Chapter	
  2: Methods	
  for	
  Stimulating	
  the	
  Motor	
  
System	
  

	
   Noninvasive	
   stimulation	
   is	
   a	
  powerful	
   tool,	
   able	
   to	
  both	
  modify	
  and	
  measure	
  

motor	
   cortical	
   processes.	
   Transcranial	
   direct	
   current	
   stimulation	
   (tDCS)	
   is	
   heavily	
  

used	
  in	
  each	
  of	
  the	
  experiments	
  in	
  this	
  thesis	
  to	
  modulate	
  underlying	
  neuronal	
  activity.	
  

To	
   measure	
   these	
   modifications	
   in	
   cortical	
   excitability,	
   an	
   additional	
   stimulation	
  

technique,	
   transcranial	
   magnetic	
   stimulation	
   (TMS),	
   is	
   employed.	
   In	
   the	
   second	
  

experiment	
  (Chapter	
  5),	
  TMS	
  is	
  administered	
  before	
  and	
  after	
  twenty	
  minutes	
  of	
  tDCS	
  

to	
  quantify	
   the	
  resulting	
  changes	
   in	
  neuromuscular	
  output.	
  Figure	
  2.1	
   illustrates	
   the	
  

setup	
  for	
  TMS	
  and	
  tDCS	
  administration.	
  This	
  chapter	
  describes	
  these	
  two	
  techniques,	
  

highlighting	
   their	
   synergistic	
   use	
   and	
   providing	
   an	
   overview	
   of	
   their	
   history,	
  

implementation,	
  and	
  mechanisms	
  as	
  relevant	
  to	
  this	
  thesis.	
  

	
  

Figure	
  2.1:	
   Setup	
   for	
  TMS	
  and	
   tDCS	
  administration.	
  A)	
  The	
  TMS	
  coil	
   stimulates	
   the	
  
hand	
   area	
   of	
   M1,	
   while	
   EMG	
   electrodes	
   affixed	
   to	
   the	
   contralateral	
   hand	
   measure	
  
motor	
   output.	
   B)	
   During	
   tDCS,	
   the	
   active	
   electrode	
   is	
   centered	
   over	
   M1,	
   and	
   the	
  
reference	
  electrode	
  is	
  placed	
  over	
  the	
  contralateral	
  supraorbital	
  ridge.	
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2.1 TRANSCRANIAL	
  MAGNETIC	
  STIMULATION	
  

	
   Transcranial	
   magnetic	
   stimulation	
   (TMS)	
   is	
   a	
   method	
   by	
   which	
  

neurophysiology,	
   particularly	
   that	
   of	
   the	
   corticospinal	
   tract,	
   can	
   be	
   probed	
   and	
  

monitored.	
   Since	
   its	
   introduction	
   over	
   two	
   decades	
   ago,	
   TMS	
   has	
   been	
   used	
   to	
  

investigate	
   brain	
   plasticity	
   in	
   a	
   variety	
   of	
   domains.	
   More	
   recently,	
   it	
   has	
   been	
  

explored	
  as	
  a	
  diagnostic	
  tool.	
  

	
  

2.1.1 PRINCIPLES	
  OF	
  TMS	
  

	
   In	
  1980,	
  Merton	
  and	
  Morton	
  proposed	
  a	
  technique	
  that	
  used	
  a	
  brief,	
  intense	
  

electric	
  shock	
  to	
  stimulate	
  the	
  neurons	
  within	
  the	
  motor	
  cortex	
  (Merton	
  &	
  Morton,	
  

1980).	
   One	
   significant	
   drawback	
   of	
   this	
   method,	
   transcranial	
   electric	
   stimulation	
  

(TES),	
   was	
   that	
   it	
   also	
   activated	
   pain	
   fibers	
   of	
   the	
   scalp,	
   and	
   thus	
   was	
   a	
   painful	
  

process.	
   Five	
   years	
   later,	
   Barker	
   introduced	
   an	
   alternative	
   to	
   TES,	
   transcranial	
  

magnetic	
   stimulation	
   (Barker	
   et	
   al.,	
   1985).	
   Like	
   TES,	
   TMS	
   is	
   also	
   able	
   to	
   activate	
  

neurons	
  within	
  the	
  motor	
  cortex	
  and	
  peripheral	
  nerves	
  through	
  the	
  scalp,	
  but	
  can	
  

do	
  so	
  with	
  little	
  or	
  no	
  pain.	
  

	
   TMS	
   is	
   based	
   on	
   Faraday’s	
   law	
   of	
   electromagnetic	
   induction,	
   which	
   states	
  

that	
  a	
  moving	
  electric	
   current	
  will	
   induce	
  a	
  magnetic	
   field.	
   In	
  TMS	
  experiments,	
  a	
  

coil	
  of	
  wire	
  is	
  placed	
  parallel	
  the	
  scalp	
  over	
  the	
  area	
  of	
  interest.	
  A	
  brief,	
  high-­‐current	
  

pulse	
  of	
  electricity	
  is	
  created	
  within	
  the	
  wire.	
  This	
  produces	
  a	
  magnetic	
  field	
  of	
  up	
  to	
  

2	
  Tesla	
  perpendicular	
  to	
  the	
  coil.	
  The	
  field	
  itself	
  is	
  transient	
  and	
  lasts	
  for	
  only	
  about	
  

100	
  µs	
  (Hallett,	
  2007).	
  This	
  magnetic	
  field	
  induces	
  a	
  secondary	
  electric	
  field,	
  which	
  

is	
   parallel	
   to	
   the	
   scalp.	
   Current	
   flows	
   in	
   loops	
   antiparallel	
   to	
   the	
   coil	
   and	
   brain	
  

surface	
  (Hallett,	
  2000)	
  (Figure	
  2.2).	
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Figure	
  2.2:	
   Current	
  flow	
  in	
  the	
  TMS	
  coil	
  and	
  the	
  induced	
  electric	
  field	
  in	
  the	
  brain.	
  A	
  
high	
   pulse	
   of	
   current	
   in	
   the	
   TMS	
   coil	
   produces	
   a	
   transient	
  magnetic	
   field	
   (blue).	
   The	
  
magnetic	
   field	
   induces	
   an	
   electric	
   field	
   antiparallel	
   to	
   the	
   brain	
   surface.	
   Figure	
   from	
  
Kobayashi	
  (2003).	
  
	
  

	
   The	
  intensity	
  of	
  the	
  current	
  in	
  the	
  coil	
  can	
  be	
  modulated,	
  thus	
  systematically	
  

increasing	
   or	
   decreasing	
   the	
   induced	
   magnetic	
   field	
   and	
   secondary	
   electric	
   field.	
  

Critically,	
   the	
   frequency	
   and	
   pattern	
   of	
   the	
   pulses	
   can	
   be	
   modified,	
   which	
  

dramatically	
   alters	
   the	
   physiological	
   effects	
   that	
   TMS	
   produces	
   (Kobayashi	
   &	
  

Pascual-­‐Leone,	
  2003).	
  (See	
  Section	
  2.1.2)	
  Currently,	
  the	
  uses	
  for	
  TMS	
  are	
  many	
  and	
  

varied.	
   It	
  can	
  assist	
   in	
  clinical	
  diagnosis	
  and	
  detecting	
  pathophysiologies,	
  measure	
  

brain	
  plasticity	
  in	
  various	
  sensory	
  and	
  cognitive	
  modalities,	
  create	
  virtual	
  lesions,	
  or	
  

aide	
  in	
  therapeutic	
  treatments	
  (Rossini	
  &	
  Rossi,	
  2007).	
  

	
  	
  

2.1.2 METHODOLOGICAL	
  OVERVIEW	
  

	
   Different	
  protocols	
  can	
  be	
  used	
  to	
  either	
  measure	
  or	
  modify	
  cortical	
  activity.	
  

Paradigms	
  that	
  measure	
  activity	
  do	
  so	
  by	
  eliciting	
  neuroelectrical	
  signals	
  from	
  the	
  

spinal	
  cord	
  and	
  peripheral	
  muscles.	
  This	
  activity	
  is	
  termed	
  a	
  motor	
  evoked	
  potential	
  

(MEP),	
  and	
  reflects	
  the	
  integrity	
  of	
  the	
  corticospinal	
  system	
  (Rossini	
  &	
  Rossi,	
  2007).	
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Single	
  TMS	
  pulses	
  are	
  used	
  to	
  generate	
  such	
  MEPs.	
  The	
  amplitude	
  of	
  these	
  MEPs	
  can	
  

be	
   modulated	
   by	
   the	
   presence	
   of	
   an	
   additional,	
   subthreshold	
   pulse	
   given	
  

milliseconds	
  prior	
  to	
  the	
  main	
  pulse.	
  MEPs	
  elicited	
  by	
  single	
  and	
  paired	
  pulse	
  TMS	
  

procedures	
   are	
   thought	
   to	
   depend	
   on	
   distinct	
   underlying	
   processes.	
   In	
   general,	
  

however,	
   creation	
   of	
   an	
   MEP	
   involves	
   three	
   sequential	
   steps:	
   synapses	
   onto	
  

corticospinal	
  neurons,	
  synapses	
  onto	
  motor	
  neurons	
  in	
  the	
  spinal	
  cord,	
  and	
  finally	
  

neuromuscular	
   synapses	
   whose	
   potentials	
   are	
   recorded	
   as	
   the	
   MEPs	
   by	
   EMG	
  

electrodes	
  (Huerta	
  &	
  Volpe,	
  2009).	
  

TMS	
   protocols	
   that	
   modify	
   cortical	
   activity	
   differ	
   in	
   the	
   number	
   and	
  

frequency	
  of	
  pulses,	
  and	
  in	
  the	
  overall	
  duration	
  of	
  pulse	
  trains.	
  For	
  example,	
  theta	
  

burst	
  TMS	
  and	
  repetitive	
  TMS,	
  which	
  deliver	
  trains	
  of	
  pulses	
  at	
  different	
  frequencies,	
  

can	
   be	
   used	
   to	
   increase	
   or	
   decrease	
   cortical	
   activity.	
  When	
   employed	
   to	
   dampen	
  

activity,	
   they	
   are	
   often	
   referred	
   to	
   as	
   “virtual	
   lesion”	
   techniques,	
   as	
   they	
   can	
  

transiently	
   disrupt	
   processing	
   in	
   targeted	
   brain	
   areas	
   by	
   increasing	
   noise	
   in	
   the	
  

surrounding	
  brain	
   tissue.	
  The	
  experiments	
   in	
   this	
   thesis	
  employ	
  single	
  and	
  paired	
  

pulse,	
  but	
  not	
  repetitive,	
  TMS.	
  The	
  remainder	
  of	
  this	
  section	
  focuses	
  on	
  such	
  single	
  

and	
  paired	
  pulse	
  measures,	
  as	
  summarized	
  in	
  Table	
  2.1.	
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TMS	
  Measure	
  
Pulse	
  
Type	
  

Neurons	
  Stimulated	
   Application	
  

Motor	
  Threshold	
  
(MT)	
  

Single	
  
Pyramidal	
  neurons	
  of	
  the	
  
corticospinal	
  tract	
  (CST)	
  

Intensity	
  required	
  to	
  
elicit	
  an	
  MEP	
  of	
  a	
  
desired	
  size.	
  

Input/Output	
  Curve	
  
(I/O	
  Curve)	
  

Single	
  
CST	
  neurons;	
  intracortical	
  

neurons	
  beyond	
  the	
  
hotspot	
  

Slope	
  reflects	
  the	
  
ease	
  with	
  which	
  

neurons	
  are	
  excited.	
  

Short	
  Intracortical	
  
Inhibition	
  (SICI)	
  

Paired	
   GABAAergic	
  interneurons	
  
Measures	
  

suppression	
  of	
  
cortical	
  excitability	
  

Intracortical	
  
Facilitation	
  (ICF)	
  

Paired	
  
Glutamatergic	
  

interneurons;	
  some	
  
GABAergic	
  influence	
  

Measures	
  
enhancement	
  of	
  
cortical	
  excitability	
  

	
  
Table	
  2.1:	
   Summary	
  of	
  Selected	
  TMS	
  Measures.	
  
	
  

2.1.2.1 Single	
  Pulse	
  Measures	
  

	
   MOTOR	
  THRESHOLDS.	
   The	
   excitability	
   of	
   the	
  motor	
   cortex	
   can	
  be	
   assessed	
  by	
  

calculating	
  a	
  ‘motor	
  threshold’.	
  Motor	
  thresholds	
  (MT)	
  are	
  of	
  two	
  kinds:	
  resting	
  and	
  

active.	
   The	
   resting	
   motor	
   threshold	
   (rMT)	
   is	
   the	
   intensity	
   of	
   the	
   TMS	
   machine	
  

required	
   to	
   evoke	
   an	
  MEP	
  of	
   50µV	
   in	
  5	
   out	
   of	
   10	
   trials	
   during	
  muscle	
   relaxation.	
  

Similarly,	
   the	
  rMT1mV	
  can	
  be	
  defined	
  as	
   the	
   intensity	
  required	
   to	
  evoke	
  an	
  MEP	
  of	
  

1mV	
   during	
   muscle	
   relaxation.	
   The	
   active	
   motor	
   threshold	
   (aMT)	
   is	
   determined	
  

during	
   a	
   slight,	
   voluntary	
   muscle	
   contraction	
   of	
   approximately	
   20%	
   of	
   maximal	
  

contraction,	
   and	
   is	
   the	
   lowest	
   intensity	
   required	
   to	
   obtain	
   an	
  MEP	
   in	
   5	
   out	
   of	
   10	
  

trials.	
   Both	
   rMT	
   and	
   aMT	
   reflect	
   the	
   excitability	
   of	
   a	
   confined,	
   spatially	
   localized	
  

group	
   of	
   neurons.	
   While	
   rMT	
   primarily	
   reflects	
   the	
   activity	
   of	
   slow	
   propagating	
  

pyramidal	
   neurons,	
   aMT	
  may	
   reflect	
   fast-­‐propagating	
   neurons	
   as	
  well	
   (Rossini	
   &	
  

Rossi,	
   2007).	
  MTs	
  determined	
  at	
   the	
  beginning	
  of	
   an	
  experiment	
   can	
  be	
   re-­‐tested	
  

after	
  an	
  intervention	
  to	
  assess	
  changes	
  in	
  excitability	
  due	
  to	
  the	
  intervention.	
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   INPUT/OUTPUT	
  CURVES.	
   Input	
   output	
   curves	
   (I/O)	
   relate	
   the	
   intensity	
   of	
   the	
  

administered	
   TMS	
   pulse	
   (the	
   “input”)	
   to	
   the	
   magnitude	
   of	
   the	
   elicited	
   MEP	
   (the	
  

“output”).	
  As	
  stimulation	
  intensities	
  are	
  increased,	
  the	
  magnitude	
  of	
  the	
  MEP	
  tends	
  

to	
   increase	
   as	
   well.	
   This	
   is	
   due	
   in	
   part	
   to	
   the	
   recruitment	
   of	
   a	
   larger	
   number	
   of	
  

neurons	
   than	
   those	
   recruited	
   from	
   the	
   hotspot	
   at	
   the	
   rMT,	
   and	
   also	
   because	
   less	
  

excitable	
  neurons	
  may	
  also	
  be	
  recruited	
  at	
  these	
  higher	
  intensities	
  (Hallett,	
  2007).	
  

The	
   slope	
   of	
   the	
   I/O	
   curve	
   is	
   a	
   measure	
   of	
   how	
   easily	
   surrounding	
   neurons	
   are	
  

recruited	
  and	
  excited,	
  with	
  steeper	
  slopes	
  reflecting	
  greater	
  excitability.	
  

	
  

2.1.2.2 Paired	
  Pulse	
  Measures	
  

	
   SHORT	
   INTRACORTICAL	
   INHIBITION.	
   Short	
   intracortical	
   inhibition	
   (SICI)	
   occurs	
  

when	
   a	
   conditioning	
   sub-­‐threshold	
   pulse	
   is	
   delivered	
   prior	
   to	
   a	
   test	
   pulse	
   at	
   or	
  

above	
  the	
  MT.	
  This	
  typically	
  results	
  in	
  a	
  diminution	
  of	
  the	
  resulting	
  MEP	
  amplitude.	
  

The	
  conditioning	
  pulse	
  is	
  given	
  with	
  an	
  interstimulus	
  interval	
  (ISI)	
  of	
  1	
  to	
  5	
  ms	
  with	
  

respect	
   to	
   the	
   test	
  pulse	
   (Rossini	
  &	
  Rossi,	
   2007).	
  At	
   an	
   ISI	
  of	
  2.5	
  ms,	
   this	
  process	
  

reflects	
  the	
  activity	
  of	
  GABAAergic	
  interneurons.	
  The	
  mechanisms	
  mediating	
  SICI	
  at	
  

shorter	
  ISIs	
  are	
  not	
  well	
  understood.	
  While	
  SICI	
  at	
  1	
  ms	
  ISI	
  is	
  not	
  GABAA	
  dependant,	
  

it	
   may	
   rely	
   on	
   extrasynaptic	
   GABAergic	
   activity	
   (Stagg	
   et	
   al.,	
   2011a)	
   or	
   on	
   other	
  

synaptic	
  processes	
  (Reis	
  et	
  al.,	
  2008).	
  In	
  the	
  motor	
  domain,	
  reductions	
  in	
  SICI	
  may	
  

mean	
   that	
   cortical	
   representations	
   of	
   the	
   intended	
   muscle	
   have	
   been	
   made	
   less	
  

prone	
  to	
  inhibition,	
  thus	
  becoming	
  more	
  excitable	
  and	
  able	
  to	
  perform	
  the	
  desired	
  

task	
  (Chen,	
  2004).	
  

	
   INTRACORTICAL	
   FACILITATION.	
   Related	
   to	
   SICI,	
   intracortical	
   facilitation	
   (ICF)	
  

occurs	
  when	
  a	
  subthreshold	
  conditioning	
  pulse	
  increases	
  the	
  MEP	
  that	
  results	
  from	
  

the	
  test	
  pulse.	
  Here,	
   the	
   ISI	
   is	
   longer,	
  on	
  the	
  order	
  of	
  6	
   to	
  20	
  ms	
  (Rossini	
  &	
  Rossi,	
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2007).	
  ICF	
  primarily	
  reflects	
  glutamatergic	
  interneurons,	
  though	
  GABAergic	
  effects	
  

are	
  present	
  as	
  well	
  (Stagg	
  &	
  Nitsche,	
  2011).	
  

	
  

2.1.3 TECHNICAL	
  CONSIDERATIONS	
  

2.1.3.1 MEP	
  Composition	
  

	
   When	
  stimulating	
  the	
  motor	
  cortex	
  and	
  obtaining	
  EMG	
  recordings	
  from	
  the	
  

muscles	
  of	
  the	
  hand,	
  MEPs	
  are	
  observed	
  20-­‐30	
  ms	
  after	
  application	
  of	
  the	
  TMS	
  pulse.	
  

Deviations	
   from	
  this	
   interval	
  are	
   indicative	
  of	
  motor	
  dysfunction	
  (Rossini	
  &	
  Rossi,	
  

1998).	
  Though	
  often	
  thought	
  of	
  as	
  a	
  single	
  entity,	
  MEPs	
  actually	
  consist	
  of	
  multiple	
  

components:	
  direct	
  waves	
  (D-­‐waves)	
  and	
  indirect	
  waves	
  (I-­‐waves).	
  D-­‐waves	
  result	
  

from	
   direct	
   depolarization	
   of	
   the	
   corticospinal	
   axon,	
   and	
   are	
   elicited	
   by	
   high	
  

intensity	
   pulses,	
   such	
   as	
   those	
   generated	
   by	
   TES	
   (Reis	
   et	
   al.,	
   2008).	
   Most	
   TMS	
  

measures	
  influence	
  I-­‐waves	
  which	
  can	
  be	
  produced	
  by	
  lower	
  intensities.	
  There	
  are	
  

multiple	
  types	
  of	
  I-­‐waves,	
  which	
  occur	
  serially	
  at	
  1.5ms	
  intervals	
  after	
  the	
  initial	
  D-­‐

wave.	
   Longer	
   latencies	
   are	
   indicative	
   of	
   increasing	
   distances	
   from	
   the	
   initial	
  

corticospinal	
  axon.	
  That	
  is,	
  I1-­‐waves	
  synapse	
  directly	
  onto	
  the	
  axon,	
  whereas	
  I2	
  and	
  

later	
  waves	
  are	
  evoked	
  via	
  multiple	
  synapses	
  (Reis	
  et	
  al.,	
  2008).	
  Motor	
  thresholds	
  

probably	
   primarily	
   reflect	
   I1	
   waves,	
   whereas	
   SICI	
   and	
   I/O	
   curves	
   reflect	
   the	
  

influence	
  of	
  I2	
  and	
  later	
  waves	
  (Hallett,	
  2007;	
  Reis	
  et	
  al.,	
  2008).	
  

	
  

2.1.3.2 Coil	
  Designs	
  and	
  Spatial	
  Distribution	
  

	
   TMS	
   coils	
   vary	
   in	
   design,	
   and	
   the	
   preferred	
   shape	
   for	
   an	
   experiment	
   is	
  

largely	
  dependent	
  on	
  how	
  specific	
  an	
  area	
  one	
  wishes	
  to	
  target,	
  and	
  how	
  deep	
  that	
  

location	
   is.	
  The	
   first	
   coil	
  developed	
  was	
  a	
   simple	
   circular	
   coil.	
   It	
  produces	
  a	
   fairly	
  

widespread	
  electric	
   field,	
   and	
   is	
   ideal	
   for	
  bihemispheric	
   stimulation	
   (Kobayashi	
  &	
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Pascual-­‐Leone,	
   2003).	
   Presently,	
   the	
   most	
   commonly	
   used	
   coil	
   is	
   the	
   figure	
   of	
   8	
  

design.	
   It	
   consists	
   of	
   two	
   intersecting	
   circular	
   coils,	
   and	
   provides	
   more	
   focal	
  

stimulation	
  that	
  occurs	
  where	
  the	
  two	
  circles	
  intersect	
  (Figure	
  2.3).	
  This	
  coil	
  is	
  ideal	
  

if	
  attempting	
  to	
  stimulate	
  a	
  fairly	
  localized	
  area	
  directly	
  underneath	
  the	
  intersection	
  

of	
  the	
  two	
  coils	
  (Cohen	
  et	
  al.,	
  1990).	
  

	
  

Figure	
  2.3:	
   Magnetic	
  field	
  generated	
  by	
  two	
  TMS	
  coil	
  designs.	
  	
  A)	
  In	
  a	
  figure	
  of	
  8	
  coil,	
  
the	
   peak	
   field	
   is	
   located	
   at	
   the	
   intersection	
   of	
   the	
   two	
   coils.	
   B)	
   In	
   a	
   circular	
   coil,	
   the	
  
maximum	
   field	
   strength	
   is	
   located	
   along	
   the	
   coil’s	
   perimeter.	
   Figure	
   from	
   Giordano	
  
(2011).	
  
	
  

A	
  modification	
  of	
  the	
  figure	
  of	
  8	
  coil,	
  the	
  double-­‐cone	
  coil,	
  has	
  two	
  intersecting	
  coils	
  

that	
   meet	
   at	
   an	
   angle,	
   further	
   increasing	
   its	
   output’s	
   intensity	
   and	
   focality.	
  

Specialized	
  coils	
  have	
  also	
  been	
  developed	
  for	
  stimulating	
  deeper	
  areas	
  within	
  the	
  

brain.	
  One	
  such	
  coil	
  is	
  the	
  Hesed	
  coil,	
  or	
  H-­‐coil.	
  This	
  allows	
  for	
  a	
  penetrating	
  current	
  

at	
   much	
   lower	
   intensities	
   than	
   a	
   standard	
   figure	
   of	
   8	
   coil,	
   reducing	
   participant	
  

discomfort	
  (Zangen	
  et	
  al.,	
  2005).	
  

	
   Regardless	
  of	
  the	
  type	
  of	
  coil	
  used,	
  it	
  must	
  be	
  properly	
  oriented	
  on	
  the	
  scalp	
  

to	
  ensure	
  optimal	
  neuronal	
  recruitment.	
  In	
  the	
  motor	
  cortex,	
  there	
  are	
  networks	
  of	
  

corticospinal	
  axons	
  that	
  run	
  in	
  the	
  horizontal	
  plane	
  at	
  right	
  angles	
  to	
  the	
  precentral	
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gyrus.	
   Consequently,	
   to	
   optimally	
   stimulate	
   the	
   motor	
   cortex,	
   the	
   induced	
   TMS	
  

currents	
  should	
  also	
  occur	
  at	
  a	
  right	
  angle	
  to	
  the	
  precentral	
  gyrus	
  (Terao	
  &	
  Ugawa,	
  

2002).	
  To	
  achieve	
  such	
  an	
  orientation	
  of	
  the	
  currents,	
  the	
  coil	
  should	
  be	
  positioned	
  

approximately	
   50	
   degrees	
   from	
   the	
   parasagittal	
   plane,	
   with	
   the	
   handle	
   pointing	
  

backward	
  (Mills	
  et	
  al.,	
  1992).	
  This	
  positioning	
  preferentially	
  evokes	
  I-­‐waves,	
  rather	
  

than	
  D-­‐waves.	
  

	
  

2.1.3.3 Safety	
  	
  

	
   Common	
  side	
  effects	
  of	
  TMS	
  are	
  tingling	
  at	
  the	
  stimulation	
  site	
  and	
  transient,	
  

mild	
   headaches	
   (Anand	
   &	
   Hotson,	
   2002).	
   The	
  most	
   serious	
   safety	
   concern	
   when	
  

administering	
  TMS	
  is	
  the	
  possibility	
  of	
  triggering	
  a	
  seizure.	
  Though	
  more	
  prevalent	
  

with	
   repetitive	
   TMS,	
   single	
   and	
   paired-­‐pulse	
   TMS	
   have	
   been	
   shown	
   to	
   provoke	
  

seizures	
  in	
  subjects	
  with	
  epilepsy	
  or	
  other	
  neurological	
  conditions	
  (Schrader	
  et	
  al.,	
  

2004).	
  In	
  healthy	
  participants,	
  a	
  study	
  by	
  Chokroverty	
  in	
  1995	
  reported	
  no	
  adverse	
  

effects	
   following	
   single	
   pulses	
   of	
   TMS,	
   including	
   changes	
   in	
   blood	
  pressure,	
   heart	
  

rate,	
  EEG	
  measures,	
  serum	
  prolactin	
  and	
  cortisol	
   levels,	
  and	
  various	
  psychometric	
  

tests	
  (Chokroverty	
  et	
  al.,	
  1995).	
  

	
   In	
  2008,	
  The	
  Safety	
  of	
  TMS	
  Consensus	
  Group	
  convened	
  a	
  session	
  to	
  update	
  

safety	
   guidelines	
   regarding	
   the	
   administration	
   of	
   TMS	
   in	
   research	
   and	
   clinical	
  

settings.	
   Based	
   on	
   their	
   findings,	
   they	
   determined	
   that	
   over	
   1800	
   single	
   pulses	
  

could	
   be	
   administered	
   at	
   rMT	
   without	
   adverse	
   effects	
   (Rossi	
   et	
   al.,	
   2009).	
   The	
  

Consensus	
   Group	
   also	
   established	
   that,	
   when	
   recruiting	
   participants,	
   the	
   only	
  

absolute	
  exclusion	
  criteria	
  is	
  “the	
  presence	
  of	
  metallic	
  hardware	
  in	
  close	
  contact”	
  to	
  

the	
  TMS	
  coil	
   (Rossi	
  et	
  al.,	
  2009).	
  Other	
  conditions,	
  such	
  as	
  pregnancy,	
  a	
  history	
  of	
  

epilepsy,	
  or	
  the	
  presence	
  of	
  a	
  pacemaker	
  are	
  not	
  absolute	
  contraindications,	
  but	
  are	
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generally	
   used	
   to	
   screen	
   individuals	
   prior	
   to	
   inclusion	
   in	
   a	
   study.	
   Even	
   when	
  

adhering	
   to	
   these	
   guidelines,	
   there	
   has	
   been	
   a	
   report	
   of	
   a	
   seizure	
   in	
   a	
   healthy	
  

individual	
  during	
  the	
  establishment	
  of	
  motor	
  thresholds	
  (Kratz	
  et	
  al.,	
  2011).	
  Thus,	
  it	
  

is	
  important	
  to	
  continually	
  monitor	
  subjects	
  taking	
  part	
  in	
  TMS	
  studies.	
  

	
  

2.2 TRANSCRANIAL	
  DIRECT	
  CURRENT	
  STIMULATION	
  

In	
   its	
   earliest	
   forms,	
   the	
   application	
   of	
   electric	
   currents	
   to	
   the	
   scalp	
   can	
   be	
  

traced	
  back	
  almost	
  two	
  millennia.	
  Since	
  then,	
  transcranial	
  direct	
  current	
  stimulation	
  

(tDCS)	
  has	
  gained	
  widespread	
  use	
   in	
   studies	
   investigating	
  a	
  variety	
  of	
  neural	
   and	
  

behavioural	
   processes	
   in	
   both	
   healthy	
   and	
   clinical	
   populations.	
  What	
   follows	
   is	
   a	
  

general	
   perspective	
   on	
   tDCS,	
   providing	
   an	
   overview	
   of	
   its	
   current	
   usage	
   and	
   the	
  

physical	
  principles	
  behind	
  its	
  modulatory	
  effects.	
  

	
  	
  

2.2.1 HISTORY	
  

	
   In	
   the	
   first	
   century	
  AD,	
   Scrobinus	
  Largus	
   reported	
   that	
   applying	
   a	
   torpedo	
  

fish	
  to	
  the	
  scalp	
  of	
  patients	
  afflicted	
  with	
  headache	
  caused	
  transient	
  relief	
  of	
   their	
  

pain	
   (Utz	
   et	
   al.,	
   2010).	
   This	
   and	
   other	
   such	
   anecdotal	
   findings	
   spawned	
   closer	
  

examination	
  of	
  these	
  so-­‐called	
  “electric	
  fish”	
  by	
  Walsh	
  in	
  1773,	
  and	
  eventually	
  led	
  to	
  

a	
  more	
  scientifically	
  rigorous	
  investigation	
  into	
  the	
  principles	
  behind	
  their	
  electric	
  

properties	
   (Kellaway,	
   1946).	
   Volta	
   and	
  Galvani	
   found	
   that	
   the	
   behavioural	
   effects	
  

elicited	
   by	
   applying	
   such	
   electric	
   currents	
   could	
   be	
   modulated	
   by	
   varying	
   the	
  

intensity	
   and	
   duration	
   of	
   the	
   stimulation.	
   Armed	
  with	
   this	
   cursory	
   knowledge	
   of	
  

direct	
   currents—also	
   referred	
   to	
   as	
   galvanic	
   currents,	
   after	
   the	
   Italian	
   scientist-­‐	
  

clinicians	
   began	
   using	
   transcranial	
   electric	
   stimulation	
   to	
   treat	
   patients	
   suffering	
  

from	
   melancholia	
   (Parent,	
   2004).	
   The	
   use	
   of	
   DC	
   currents	
   to	
   treat	
   psychiatric	
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disorders	
   continued	
   throughout	
   the	
   1800s,	
   but	
   began	
   to	
  wane	
   at	
   the	
   turn	
   of	
   the	
  

century	
   due	
   in	
   part	
   to	
   inconsistent	
   results	
   (Lolas,	
   1977).	
   In	
   the	
   1930s,	
  

electroconvulsive	
  therapy	
  (ECT)	
  became	
  the	
  gold	
  standard	
  to	
  treat	
  severe	
  cases	
  of	
  

depression,	
  and	
  low-­‐intensity	
  DC	
  currents	
  were	
  all	
  but	
  discarded.	
  Decades	
  later,	
  the	
  

introduction	
   of	
   effective	
   drugs	
   eclipsed	
   both	
   DC	
   currents	
   and	
   ECT	
   alike	
   (Priori,	
  

2003).	
  

	
   Though	
   the	
   scientific	
   community’s	
   interest	
   in	
  DC	
   currents	
   has	
   experienced	
  

peaks	
   and	
   troughs	
   over	
   the	
   years,	
   transcranial	
   electric	
   stimulation	
   is	
   currently	
  

experiencing	
  a	
  renaissance.	
  Both	
  basic	
  scientists	
  and	
  clinicians	
  have	
  adapted	
  tDCS	
  

for	
  use	
  in	
  their	
  studies.	
  Today,	
  it	
  is	
  used	
  as	
  an	
  investigative	
  tool	
  to	
  modulate	
  motor	
  

performance	
   (Nitsche	
   et	
   al.,	
   2003b),	
   assess	
   the	
   involvement	
   of	
   cortical	
   areas	
   in	
  

visual	
   processing	
   (Antal	
   et	
   al.,	
   2003),	
   and	
   probe	
   cognitive	
   processes	
   such	
   as	
  

emotion	
  (Ferrucci	
  et	
  al.,	
  2011).	
  It	
  is	
  also	
  being	
  wielded	
  as	
  a	
  clinical	
  device	
  to	
  boost	
  

recovery	
  from	
  stroke	
  (Hummel,	
  2005),	
  provide	
  relief	
  from	
  chronic	
  pain	
  (Valle	
  et	
  al.,	
  

2009),	
  and	
  reduce	
  the	
  behavioural	
  symptoms	
  of	
  neurodegenerative	
  conditions	
  like	
  

Alzheimer’s	
  disease	
  (Boggio	
  et	
  al.,	
  2009b).	
  True	
  to	
  its	
  beginnings,	
  tDCS	
  continues	
  to	
  

be	
  explored	
  as	
  a	
  potential	
  tool	
  to	
  treat	
  depression	
  (Merton	
  &	
  Morton,	
  1980;	
  Palm	
  et	
  

al.,	
  2011).	
  As	
  the	
  relevance	
  of	
  tDCS	
  continues	
  to	
  grow,	
  an	
  emerging	
  field	
  of	
  research	
  

studies	
   the	
  mechanisms	
   of	
   tDCS	
   itself	
   (Barker	
   et	
   al.,	
   1985;	
  Miranda	
   et	
   al.,	
   2006).	
  

Although	
  the	
  applications	
  of	
  tDCS	
  are	
  quite	
  broad,	
  and	
  its	
  methodology	
  tailored	
  for	
  

each	
  purpose,	
  in	
  principle	
  tDCS	
  is	
  used	
  to	
  perform	
  two	
  basic	
  functions:	
  to	
  enhance	
  

or	
  diminish	
  cortical	
  excitability.	
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2.2.2 METHODOLOGICAL	
  OVERVIEW	
  

2.2.2.1 Administration	
  

	
   As	
   its	
  name	
  suggests,	
   tDCS	
   is	
  a	
   technique	
  used	
  to	
  deliver	
  direct	
  currents	
   to	
  

the	
  brain	
  across	
  the	
  scalp.	
  These	
  direct	
  currents	
  are	
  electric	
  charges	
  that	
  flow	
  in	
  a	
  

constant	
  direction	
  and,	
  for	
  experimental	
  purposes,	
  are	
  relatively	
  small	
  (1-­‐2mA).	
  The	
  

components	
  of	
  a	
   tDCS	
  setup	
  are	
   few:	
  a	
  battery	
  operated	
  DC	
  device	
   that	
  generates	
  

the	
   steady	
  direct	
   current,	
   and	
   electrodes	
   used	
   to	
   deliver	
   the	
   current	
   to	
   the	
   scalp.	
  

Current	
   stimulators	
   can	
   be	
   programmed	
   to	
   administer	
   a	
   current	
   of	
   a	
   predefined	
  

amplitude	
  for	
  a	
  specified	
  amount	
  of	
  time.	
  There	
  is	
  generally	
  a	
  fade-­‐in	
  and	
  fade-­‐out	
  

period	
  at	
   the	
  beginning	
  and	
  end	
  of	
   the	
  stimulation,	
  during	
  which	
  time	
  the	
  current	
  

gradually	
   increases	
   to	
   the	
  desired	
   intensity,	
  and	
   then	
  gradually	
  decreases	
   to	
  zero.	
  

Typically,	
  two	
  electrodes	
  of	
  opposite	
  polarities	
  are	
  connected	
  to	
  the	
  DC	
  stimulator.	
  

The	
   positive	
   electrode	
   is	
   the	
   anode;	
   the	
   negative	
   electrode	
   is	
   the	
   cathode.	
   The	
  

electrodes	
  are	
  inserted	
  into	
  saline-­‐soaked	
  sponge	
  sheaths,	
  and	
  attached	
  to	
  the	
  scalp	
  

with	
   non-­‐conductive	
  material,	
   typically	
   rubber	
   straps.	
  When	
   the	
   DC	
   stimulator	
   is	
  

turned	
  on,	
  a	
  circuit	
  is	
  formed	
  and	
  the	
  resultant	
  current	
  flows	
  from	
  the	
  anode	
  to	
  the	
  

cathode,	
  passing	
  through	
  the	
  cranium	
  to	
  the	
  underlying	
  brain	
  tissue,	
  where	
  it	
  then	
  

exerts	
  its	
  excitability	
  modulating	
  effects.	
  

	
  

2.2.2.2 Electrode	
  Placement	
  and	
  Size	
  

	
   The	
   electrode	
   that	
   is	
   placed	
   over	
   the	
   area	
   of	
   interest	
   is	
   termed	
   the	
  

stimulating	
  or	
  active	
  electrode,	
  while	
  the	
  second	
  electrode	
  is	
  deemed	
  the	
  reference	
  

electrode.	
  When	
  the	
  anode	
  is	
  the	
  stimulating	
  electrode,	
  tDCS	
  is	
  said	
  to	
  be	
  delivering	
  

anodal	
   stimulation,	
   and	
   current	
   flows	
   away	
   from	
   the	
   area	
   of	
   interest.	
   Conversely,	
  

when	
   the	
   cathode	
   is	
   the	
   stimulating	
   electrode,	
   cathodal	
   stimulation	
   is	
   occurring,	
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and	
  current	
  flows	
  towards	
  the	
  area	
  of	
  interest.	
  The	
  ideal	
  location	
  for	
  the	
  stimulating	
  

electrode	
  can	
  be	
  found	
  using	
  anatomical	
  landmarks	
  (Hallett,	
  2007;	
  Stagg	
  &	
  Nitsche,	
  

2011),	
   functional	
   localization	
   via	
   TMS	
   (Hallett,	
   2000;	
  Nitsche	
  &	
   Paulus,	
   2000),	
   or	
  

neuroimaging	
  (Baker	
  et	
  al.,	
  2010;	
  Kobayashi	
  &	
  Pascual-­‐Leone,	
  2003).	
  The	
  reference	
  

electrode	
   is	
   generally	
   placed	
   over	
   an	
   area	
   that	
   is	
   thought	
   to	
   be	
   functionally	
  

decoupled	
  from	
  the	
  process	
  under	
  investigation.	
  In	
  studies	
  concerning	
  the	
  effects	
  of	
  

tDCS	
   to	
   the	
   visual	
   cortex,	
   for	
   example,	
   this	
  may	
   be	
   the	
   vertex	
   (Antal	
   et	
   al.,	
   2006;	
  

Rossini	
  &	
  Rossi,	
  2007).	
  In	
  many	
  motor	
  studies,	
  this	
  is	
  the	
  contralateral	
  supraorbital	
  

ridge	
   (Nitsche	
   et	
   al.,	
   2008;	
   Rossini	
   &	
   Rossi,	
   2007).	
   In	
   choosing	
   a	
   location	
   for	
   the	
  

reference	
  electrode,	
   it	
   is	
   important	
   to	
  bear	
   in	
  mind	
   that,	
  under	
   typical	
   conditions,	
  

this	
  electrode	
  is	
  not	
  functionally	
  inert.	
  That	
  is,	
  the	
  reference	
  electrode	
  administers	
  

stimulation	
  of	
  the	
  opposite	
  polarity	
  as	
  the	
  active	
  electrode.	
  This	
  may	
  confound	
  the	
  

ability	
  to	
  accurately	
  interpret	
  results.	
  	
  

	
   To	
  circumvent	
  this	
  problem,	
  some	
  studies	
  place	
  reference	
  electrodes	
  further	
  

away	
   from	
   brain	
   areas,	
   for	
   example	
   on	
   the	
   mastoids	
   (Huerta	
   &	
   Volpe,	
   2009;	
  

Marshall	
   et	
   al.,	
   2004),chin	
   (Priori	
   et	
   al.,	
   1998;	
  Rossini	
  &	
  Rossi,	
   2007),	
   base	
   of	
   the	
  

neck	
  (Accornero	
  et	
  al.,	
  2007;	
  Hallett,	
  2007),	
  or	
  completely	
  extracephalically,	
  like	
  the	
  

deltoids	
   (Monti	
   et	
   al.,	
   2008;	
   Rossini	
   &	
   Rossi,	
   2007).	
   Such	
   montages	
   have	
   the	
  

advantage	
  over	
  traditional	
  electrode	
  montages	
  of	
  not	
  providing	
  stimulation	
  to	
  other	
  

brain	
  regions,	
  but	
  may	
  produce	
  qualitatively	
  different	
  excitability	
  effects.	
  Although	
  

it	
  is	
  typical	
  to	
  use	
  two	
  electrodes	
  of	
  opposing	
  polarities,	
  one	
  each	
  of	
  an	
  anode	
  and	
  a	
  

cathode,	
  triplets	
  of	
  electrodes	
  have	
  been	
  used	
  as	
  well	
  when	
  it	
  proves	
  beneficial	
  for	
  

the	
   study	
   design.	
   In	
   order	
   to	
   deliver	
   simultaneous	
   stimulation	
   to	
   both	
   motor	
  

cortices,	
   two	
   anodes	
   have	
   been	
   used	
   in	
   conjunction	
   with	
   one	
   reference	
   cathode	
  

(DaSilva	
  et	
  al.,	
  2011;	
  Reis	
  et	
  al.,	
  2008).	
  One	
  anode	
  paired	
  with	
   two	
  cathodes	
  were	
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used	
   in	
   a	
  potential	
   treatment	
   for	
  Parkinson’s	
   disease	
   (Chen,	
   2004;	
  Miranda	
   et	
   al.,	
  

2006).	
  By	
  simultaneously	
  employing	
  two	
  DC	
  stimulators,	
  multiple	
  studies	
  have	
  used	
  

two	
   pairs	
   of	
   anodes	
   and	
   cathodes	
   (Ferrucci	
   et	
   al.,	
   2008;	
   Rossini	
   &	
   Rossi,	
   2007),	
  

(Priori	
  et	
  al.,	
  2008;	
  Stagg	
  &	
  Nitsche,	
  2011).	
  

	
   An	
   ongoing	
   field	
   of	
   work	
   examines	
   the	
   ways	
   in	
   which	
   the	
   size	
   of	
   the	
  

electrodes	
  modulates	
   their	
  current	
  application.	
  At	
   the	
  most	
  basic	
   level,	
   the	
  size	
  of	
  

electrode	
   determines	
   the	
   area	
   that	
   it	
   covers.	
   Standard	
   electrodes	
   range	
   from	
   25-­‐

35cm2.	
   For	
   studies	
   targeting	
   relatively	
   small	
   locations	
   like	
   the	
   hand	
   area,	
   this	
   is	
  

often	
  several	
  times	
  larger	
  than	
  the	
  intended	
  area	
  (Rossini	
  &	
  Rossi,	
  1998;	
  Yousry	
  et	
  

al.,	
   1997).	
   To	
   solve	
   this	
   problem,	
   smaller	
   active	
   electrodes	
  may	
   be	
   used.	
   A	
  much	
  

larger	
   reference	
   electrode,	
   on	
   the	
   order	
   of	
   100cm2,	
  may	
   be	
   preferable	
  when	
   any	
  

possibility	
   of	
   the	
   reference	
   electrode	
   exerting	
   stimulating	
   effects	
   needs	
   to	
   be	
  

discounted	
   (Boggio	
  et	
  al.,	
  2009a;	
  Reis	
  et	
  al.,	
  2008),	
   (Elmer	
  at	
  al.,	
  2009;	
  Reis	
  et	
  al.,	
  

2008).	
   The	
   potential	
   stimulating	
   effects	
   of	
   a	
   reference	
   electrode	
   of	
   this	
   size	
   are	
  

negligible	
   (Kobayashi	
  &	
  Pascual-­‐Leone,	
  2003;	
  Nitsche	
  et	
  al.,	
  2007).	
  More	
   than	
   just	
  

determining	
   the	
   extent	
   of	
   the	
   area	
   being	
   stimulated,	
   the	
   size	
   of	
   the	
   electrodes	
  

influences	
  the	
  current	
  delivered	
  itself,	
  by	
  affecting	
  current	
  density.	
  The	
  smaller	
  the	
  

surface	
  area	
  of	
  the	
  electrodes,	
  the	
  greater	
  the	
  delivered	
  current	
  density	
  (Cohen	
  et	
  al.,	
  

1990;	
   Nitsche	
   et	
   al.,	
   2008).	
   It	
   should	
   be	
   noted,	
   however,	
   that	
   smaller	
   electrodes	
  

carry	
   a	
   greater	
   risk	
   of	
   painful	
   stimulation.	
   (See	
   Section	
  2.2.2.4	
   for	
   a	
   discussion	
  of	
  

safety	
  issues	
  related	
  to	
  tDCS.)	
  

	
  

2.2.2.3 	
  Stimulation	
  Types	
  

	
   There	
  are	
  three	
  types	
  of	
  tDCS:	
  anodal,	
  cathodal,	
  and	
  sham.	
  As	
  stated	
  above,	
  

anodal	
   stimulation	
   occurs	
   when	
   the	
   positive	
   anode	
   is	
   placed	
   over	
   the	
   area	
   of	
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interest,	
   and	
   cathodal	
   stimulation	
   is	
  when	
   the	
   cathode	
   is	
   placed	
   over	
   the	
   area	
   of	
  

interest.	
   In	
   general,	
   anodal	
   stimulation	
   tends	
   to	
   increase	
   cortical	
   excitability,	
  

whereas	
  cathodal	
  stimulation	
  decreases	
  it,	
  as	
  measured	
  by	
  recorded	
  MEPs	
  (Nitsche	
  

&	
  Paulus,	
  2000;	
  Zangen	
  et	
  al.,	
  2005).	
  This	
  distinction	
  tends	
  to	
  be	
  most	
  clear	
  in	
  the	
  

motor	
  domain:	
   the	
  ability	
  of	
   cathodal	
   stimulation	
   to	
   inhibit	
   cortical	
   activity	
   is	
  not	
  

consistently	
   seen	
   in	
   the	
   cognitive	
   realm,	
   particularly	
   in	
   language	
   (Jacobson	
   et	
   al,	
  

2011;	
  Terao	
  &	
  Ugawa,	
  2002).	
  In	
  addition	
  to	
  these	
  opposing	
  effects	
  on	
  the	
  neuronal	
  

populations,	
   the	
  behavioural	
   changes	
   induced	
  by	
   anodal	
   and	
   cathodal	
   stimulation	
  

are	
  often	
  opposing	
  as	
  well.	
  In	
  studies	
  concerning	
  motor	
  learning,	
  anodal	
  tDCS	
  to	
  the	
  

contralateral	
  hemisphere	
  improves	
  performance,	
  while	
  cathodal	
  tDCS	
  has	
  no	
  effect,	
  

or	
   may	
   even	
   worsen	
   performance	
   (Nitsche	
   et	
   al.,	
   2003b;	
   Stagg	
   et	
   al.,	
   2011b).	
  

Similarly,	
   anodal	
   stimulation	
   to	
   the	
   left	
   dorsolateral	
   prefrontal	
   cortex	
   increases	
  

verbal	
  memory,	
  while	
  cathodal	
  stimulation	
  worsens	
  it	
  (Javadi	
  et	
  al.,	
  2011;	
  Mills	
  et	
  al.,	
  

1992).	
   Though	
   anodal	
   and	
   cathodal	
   stimulation	
   often	
   yield	
   opposing	
   behavioural	
  

effects	
  when	
  administered	
  in	
  the	
  same	
  manner	
  to	
  the	
  same	
  location,	
  both	
  types	
  of	
  

stimulation	
   can	
   be	
   used	
   to	
   produce	
   beneficial	
   results.	
   Anodal	
   stimulation	
   to	
   the	
  

lesioned	
   hemisphere	
   (Anand	
   &	
   Hotson,	
   2002;	
   Hummel,	
   2005)	
   or	
   cathodal	
  

stimulation	
  to	
  the	
  intact	
  hemisphere	
  (Fregni	
  et	
  al.,	
  2005;	
  Schrader	
  et	
  al.,	
  2004)	
  can	
  

both	
  improve	
  the	
  effect	
  of	
  physiotherapy	
  after	
  stroke.	
  	
  	
  

	
   The	
  third	
  type	
  of	
  tDCS	
  administration	
  is	
  the	
  sham	
  or	
  placebo	
  condition,	
  often	
  

used	
  as	
  a	
  study’s	
  control.	
  During	
  sham	
  stimulation,	
  the	
  current	
  is	
  ramped	
  up	
  in	
  an	
  

identical	
  manner	
  as	
  it	
  would	
  be	
  for	
  anodal	
  or	
  cathodal	
  stimulation.	
  However,	
  rather	
  

than	
  the	
  constant	
  current	
  persisting	
  for	
  several	
  minutes	
  after	
  this	
  initial	
  period,	
  the	
  

DC	
   stimulator	
   is	
   switched	
   off.	
   Because	
   the	
   sensory	
   side	
   effects	
   that	
  would	
   alert	
   a	
  

participant	
  as	
  to	
  whether	
  he	
  or	
  she	
  was	
  receiving	
  real	
  or	
  sham	
  tDCS	
  predominantly	
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occur	
  during	
  this	
  ramp-­‐up	
  period,	
  sham	
  tDCS	
  is	
  virtually	
  indistinguishable	
  from	
  real	
  

tDCS	
  (Chokroverty	
  et	
  al.,	
  1995;	
  Gandiga,	
  Hummel,	
  &	
  Cohen,	
  2006).	
  Though	
  the	
  rates	
  

of	
  sensations	
  such	
  as	
  tingling	
  and	
  itching	
  are	
  statistically	
  higher	
  in	
  sessions	
  where	
  

participants	
   are	
   receiving	
   active	
   versus	
   sham	
   stimulation,	
   only	
   17%	
   of	
   subjects	
  

report	
   feeling	
   a	
   difference	
   between	
   the	
   three	
   types	
   of	
   tDCS	
   (Kessler	
   et	
   al.,	
   2011;	
  

Rossi	
  et	
  al.,	
  2009),	
  (Poreisz	
  et	
  al.,	
  2007;	
  Rossi	
  et	
  al.,	
  2009).	
  Thus,	
  while	
  sham	
  tDCS	
  is	
  

not	
   a	
   perfect	
   control	
   condition,	
   it	
   is	
   unlikely	
   that	
   study	
   participants	
   would	
  

consciously	
   and	
   actively	
   know	
   whether	
   they	
   were	
   receiving	
   real	
   or	
   sham	
  

stimulation	
  to	
  a	
  degree	
  that	
  would	
  impact	
  their	
  performance.	
  

	
  

2.2.2.4 Safety	
  

	
   Transcranial	
  direct	
  current	
  stimulation	
   is	
  generally	
  well	
   tolerated,	
  with	
   the	
  

most	
   commonly	
   experienced	
   side	
   effect	
   being	
   an	
   itching	
   under	
   the	
   electrode,	
  

particularly	
   at	
   its	
   edges	
   (Kratz	
   et	
   al.,	
   2011;	
   Poreisz	
   et	
   al.,	
   2007).	
   Covering	
   the	
  

electrodes	
  with	
  saline-­‐soaked	
  pads	
  helps	
  reduce	
  the	
  intensity	
  of	
  this	
  sensation,	
  and	
  

also	
   prevents	
   the	
   possibility	
   of	
   toxic	
   compounds	
   forming	
   at	
   the	
   electrode-­‐scalp	
  

interface	
  (Nitsche	
  et	
  al.,	
  2003a;	
  Utz	
  et	
  al.,	
  2010).	
  Care	
  should	
  be	
  taken	
  to	
  use	
  saline	
  

solutions	
   of	
   concentrations	
   between	
   15	
   and	
   140mM,	
   as	
   subjects	
   found	
   that	
   this	
  

range	
   produced	
   the	
   least	
   discomfort	
   (Dundas	
   et	
   al.,	
   2007;	
   Kellaway,	
   1946).	
  

Moreover,	
  lower	
  salinity	
  is	
  ideal	
  for	
  minimizing	
  the	
  accumulation	
  of	
  current	
  around	
  

the	
   electrode’s	
   edges	
   (Minhas	
   et	
   al.,	
   2011;	
   Parent,	
   2004).	
   However,	
   ridding	
  

electrodes	
   of	
   their	
   edges	
   altogether	
   by	
   employing	
   circular	
   electrodes	
   does	
   not	
  

change	
  participants’	
  perceptions	
  of	
  skin	
  itching	
  (Ambrus	
  et	
  al.,	
  2011;	
  Lolas,	
  1977).	
  

The	
   most	
   probable	
   cause	
   of	
   this	
   itching	
   sensation	
   is	
   the	
   excitation	
   of	
   peripheral	
  

nerves	
  (Minhas	
  et	
  al.,	
  2011;	
  Priori,	
  2003).	
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   Other	
   reported	
   side	
   effects	
   of	
   tDCS	
   are	
   generally	
   innocuous:	
   moderate	
  

fatigue,	
   slight	
   pain,	
   and	
   dizziness	
   are	
   commonly	
   felt	
   during	
   or	
   immediately	
  

following	
   a	
   stimulation	
   session	
   (Nitsche	
   et	
   al.,	
   2003b;	
   Poreisz	
   et	
   al.,	
   2007).	
  

Nevertheless,	
   serious	
   adverse	
   effects	
   have	
   also	
   been	
   reported.	
   Administering	
  

repeated	
  sessions	
  of	
  tDCS	
  over	
  the	
  same	
  areas	
  has	
  been	
  shown	
  to	
  cause	
  skin	
  lesions	
  

(Antal	
  et	
  al.,	
  2003;	
  Palm	
  et	
  al.,	
  2008),	
  though	
  in	
  rare	
  instances,	
  a	
  single	
  session	
  has	
  

been	
   sufficient	
   to	
   cause	
   a	
   burn.	
   Lagopoulous	
   and	
   Degabriele	
   reported	
   a	
   case	
   in	
  

which	
  a	
  single	
  session	
  of	
  1mA	
  tDCS	
  for	
  twenty	
  minutes	
  resulted	
  in	
  first	
  degree	
  skin	
  

burns	
  at	
  the	
  stimulation	
  site	
  (Ferrucci	
  et	
  al.,	
  2011;	
  Lagopoulos	
  &	
  Degabriele,	
  2008).	
  

They	
   posited	
   that	
   this	
   was	
   because,	
   prior	
   to	
   stimulation,	
   the	
   skin	
   had	
   been	
  

vigorously	
   cleansed	
  with	
   an	
   alcohol	
  wipe,	
   leading	
   to	
  uneven	
   abrasion	
  of	
   the	
   skin.	
  

Subsequent	
   experiments	
   without	
   this	
   step	
   did	
   not	
   result	
   in	
   burns,	
   even	
   when	
  

participants	
   received	
   multiple,	
   consecutive	
   tDCS	
   sessions	
   over	
   the	
   same	
   site	
  

(Hummel,	
  2005;	
  Loo	
  et	
  al.,	
  2011).	
  

	
   Though	
  unique	
  ways	
  in	
  which	
  tDCS	
  may	
  elicit	
  adverse	
  effects	
  are	
  still	
  being	
  

discovered	
   on	
   a	
   case	
   by	
   case	
   basis,	
   there	
   are	
   guidelines	
   in	
   place	
   that,	
   in	
   general,	
  

provide	
  for	
  the	
  safe	
  administration	
  of	
  tDCS.	
  An	
  early	
  study	
  by	
  Agney	
  and	
  McCreery	
  

reported	
  that	
   the	
   likelihood	
  of	
   tissue	
  damage	
   is	
  determined	
  by	
  charge	
  density	
  per	
  

phase	
  and	
  current	
  density.	
  Such	
  values	
  depend	
  on	
  current	
   intensity	
  and	
  duration,	
  

and	
  electrode	
  size	
  (Agnew	
  &	
  McCreery,	
  1987;	
  Valle	
  et	
  al.,	
  2009).	
  Based	
  in	
  part	
  on	
  a	
  

study	
   in	
   cats	
   showing	
   that	
   direct	
   stimulation	
   of	
   the	
   cortex	
   begins	
   to	
   cause	
   tissue	
  

damage	
  in	
  the	
  range	
  of	
  40-­‐400	
  µC/cm2	
  (Boggio	
  et	
  al.,	
  2009b;	
  Yuen	
  et	
  al.,	
  1981),	
  they	
  

proposed	
   a	
   maximum	
   charge	
   density	
   of	
   40	
   µC/cm2.	
   Because	
   this	
   value	
   was	
  

extrapolated	
  from	
  direct	
  cortical	
  stimulation,	
  it	
  is	
  unclear	
  how	
  appropriate	
  it	
  is	
  for	
  

transcranial	
   studies.	
   In	
  determining	
  safety	
   limits	
   for	
   tDCS,	
  McCreery	
  suggests	
   that	
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the	
   most	
   appropriate	
   value	
   to	
   consider	
   is	
   overall	
   current	
   density	
   (Nitsche	
   et	
   al.,	
  

2003b).	
  At	
   current	
  densities	
  under	
  25	
  mA/cm2,	
   no	
  damage	
   to	
  brain	
   tissue	
  occurs	
  

(McCreery	
   et	
   al.,	
   1990).	
   Presently,	
   standard	
   procedures	
   fall	
  well	
   below	
   this	
   limit.	
  

For	
  most	
   experimental	
   purposes,	
   currents	
   are	
   held	
   below	
  2mA	
   and	
   administered	
  

for	
   less	
  than	
  20	
  minutes,	
  with	
  average	
  electrode	
  sizes	
  of	
  25-­‐35	
  cm2.	
  At	
  most,	
  such	
  

parameters	
  produce	
  a	
  current	
  density	
  of	
  0.08	
  mA/cm2	
  (Nitsche	
  et	
  al.,	
  2003a).	
  

	
   Administration	
   of	
   such	
   protocols	
   has	
   been	
   shown	
   to	
   be	
   safe,	
   as	
   long	
   as	
  

subjects	
   pass	
   a	
   set	
   of	
   exclusion	
   criteria.	
   Participants	
   should	
   be	
   free	
   from	
   metal	
  

implants	
  near	
  the	
  location	
  to	
  be	
  stimulated,	
  and	
  have	
  no	
  personal	
  or	
  family	
  history	
  

of	
   epilepsy	
   (Nitsche	
   et	
   al.,	
   2008).	
  Within	
   these	
   guidelines,	
   tDCS	
   can	
   be	
   applied	
   to	
  

healthy	
   and	
   patient	
   populations	
   alike.	
   Compared	
   to	
   healthy	
   volunteers,	
   patients	
  

tolerate	
   stimulation	
   equally	
   well,	
   though	
   they	
   do	
   report	
   a	
   higher	
   incidence	
   of	
  

headaches,	
  and	
  a	
   lower	
  prevalence	
  of	
   tingling	
  around	
  the	
  electrode	
  (Poreisz	
  et	
  al.,	
  

2007).	
   A	
   range	
   of	
   assessments	
   has	
   been	
   used	
   to	
   demonstrate	
   that	
   tDCS	
   does	
   not	
  

impart	
  negative	
  physiological	
  or	
  psychological	
  effects.	
  After	
  a	
  session	
  of	
  tDCS,	
  there	
  

was	
   no	
   increase	
   in	
   serum	
   concentrations	
   of	
   neuron-­‐specific	
   enolase,	
   a	
  marker	
   of	
  

neuronal	
   damage	
   (Nitsche	
  &	
   Paulus,	
   2001),	
   nor	
   did	
  MRI	
   scans	
   show	
   any	
   signs	
   of	
  

oedema	
   (Nitsche	
   et	
   al.,	
   2004d).	
   Moreover,	
   EEG	
   recordings	
   taken	
   after	
   tDCS	
  

contained	
   no	
   abnormalities,	
   and	
   psychometric	
   behavioural	
   testing	
   found	
   no	
  

impairment	
  of	
  cognitive	
  function	
  (Iyer	
  et	
  al.,	
  2005).	
  

	
  

2.2.3 TEMPORAL	
  AND	
  SPATIAL	
  CHARACTERISTICS	
  

2.2.3.1 	
  Temporal	
  Resolution	
  and	
  Duration	
  

	
   Neuronal	
   changes	
   due	
   to	
   tDCS	
   occur	
   both	
   during	
   its	
   application,	
   and	
   after	
  

stimulation	
  has	
  ceased.	
  In	
  the	
  motor	
  system,	
  the	
  online	
  effects	
  of	
  tDCS	
  begin	
  a	
  few	
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seconds	
  after	
  stimulation	
  onset,	
  and	
  continue	
  until	
  stimulation	
  is	
  terminated	
  (Priori	
  

et	
   al.,	
   1998).	
   To	
   produce	
   aftereffects	
   after	
   five	
   minutes	
   of	
   tDCS,	
   the	
   stimulation	
  

intensity	
   must	
   be	
   at	
   least	
   0.6	
   mA.	
   Relatedly,	
   at	
   the	
   standard	
   intensity	
   of	
   1	
   mA,	
  

aftereffects	
  are	
  induced	
  after	
  three	
  minutes	
  of	
  stimulation	
  (Nitsche	
  &	
  Paulus,	
  2000).	
  

The	
   duration	
   of	
   this	
   aftereffect	
   period	
   is	
   highly	
   dependent	
   on	
   the	
   length	
   and	
  

intensity	
  of	
  the	
  stimulation	
  (Figure	
  2.4).	
  In	
  general,	
  longer	
  stimulation	
  periods	
  and	
  

higher	
  intensities	
  produce	
  more	
  persistent	
  aftereffects:	
  anodal	
  tDCS	
  applied	
  for	
  13	
  

minutes	
  results	
  in	
  aftereffects	
  of	
  over	
  an	
  hour	
  (Nitsche	
  &	
  Paulus,	
  2001).	
  

Figure	
  2.4:	
   Aftereffects	
   of	
   varying	
   durations	
   of	
   anodal	
   tDCS	
   on	
   motor	
   cortical	
  
excitability.	
  Duration	
  of	
  anodal	
  tDCS:	
  circles	
  (5	
  minutes),	
  diamonds	
  (7	
  minutes),	
  upward-­‐
pointing	
   triangles	
   (9	
  minutes),	
   downward-­‐pointing	
   triangles	
   (11	
  minutes),	
   squares	
   (13	
  
minutes).	
  Figure	
  from	
  Nitsche	
  (2001).	
  
	
  

If	
  longer	
  aftereffects	
  are	
  desired,	
  it	
  is	
  preferable	
  to	
  lengthen	
  the	
  duration	
  of	
  

tDCS	
   application,	
   rather	
   than	
   increase	
   its	
   intensity,	
   as	
   the	
   possibility	
   of	
   painful	
  

adverse	
   reactions	
   increases	
   at	
   higher	
   intensities	
   (Bikson	
   et	
   al.,	
   2009).	
   However,	
  

stimulation	
  periods	
   longer	
   than	
  20	
  minutes	
  are	
  not	
  generally	
  used,	
  as	
   their	
  safety	
  

has	
  not	
  been	
  well	
   investigated.	
  Thus,	
   it	
   is	
  unclear	
   if	
   longer	
  sessions	
  of	
   tDCS	
  could	
  

produce	
  even	
  more	
  stable	
  aftereffects,	
  or	
   if	
   there	
  is	
  a	
  ceiling	
  effect.	
  Rather,	
   if	
   tDCS	
  

effects	
  are	
  to	
  be	
  investigated	
  in	
  a	
  long	
  term	
  way,	
  multiple	
  short	
  sessions	
  are	
  given	
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daily,	
  resulting	
  in	
  a	
  cumulative	
  effect	
  (Reis	
  et	
  al.,	
  2009).	
  The	
  induction	
  of	
  aftereffects	
  

may	
   also	
   be	
   dependent	
   on	
   the	
   area	
   to	
  which	
   stimulation	
   is	
   applied.	
   For	
   example,	
  

stimulation	
  to	
  the	
  visual	
  system	
  appears	
  to	
  produce	
  aftereffects	
  shorter	
  than	
  those	
  

elicited	
  from	
  the	
  motor	
  cortex	
  (Antal	
  et	
  al.,	
  2004),	
  though	
  they	
  are	
  still	
  dependent	
  

on	
  the	
  length	
  of	
  stimulation	
  given	
  (Accornero	
  et	
  al.,	
  2007).	
  

That	
   a	
   comparatively	
   short	
   stimulation	
   period	
   can	
   be	
   manipulated	
   to	
  

produce	
   stable,	
   long-­‐lasting	
   aftereffects	
   allows	
   researchers	
   more	
   freedom	
   in	
   the	
  

type	
   of	
   behaviours	
   they	
   can	
   investigate.	
   Yet	
   it	
   may	
   be	
   more	
   difficult	
   to	
   perform	
  

studies	
  that	
  need	
  rapid,	
  fine	
  temporal	
  resolution.	
  Since	
  applying	
  tDCS	
  for	
  even	
  a	
  few	
  

minutes	
   results	
   in	
   aftereffects,	
   if	
   one	
   wishes	
   to	
   reliably	
   prevent	
   the	
   influence	
   of	
  

tDCS	
   on	
   measures	
   taken	
   following	
   stimulation,	
   there	
   must	
   be	
   a	
   temporal	
   gap	
  

between	
   stimulation	
   termination	
   and	
   task	
   performance.	
   Even	
   if	
   the	
   stimulation	
  

duration	
  is	
  not	
  long	
  enough	
  to	
  produce	
  recordable	
  aftereffects,	
  a	
  waiting	
  period	
  of	
  

ten	
   seconds	
   is	
   still	
   recommended	
   (Nitsche	
   &	
   Paulus,	
   2000).	
   For	
   ten	
   minutes	
   of	
  

stimulation,	
  a	
  waiting	
  period	
  of	
  an	
  hour	
  is	
  suggested;	
  for	
  tDCS	
  durations	
  that	
  result	
  

in	
  long	
  lasting	
  aftereffects	
  of	
  over	
  an	
  hour,	
  most	
  studies	
  wait	
  two	
  days	
  to	
  a	
  week	
  as	
  

a	
  precaution.	
  

	
  

2.2.3.2 	
  Spatial	
  Focality	
  	
  

	
   As	
  previously	
  mentioned,	
  electrode	
  size	
  affects	
  the	
  current	
  density	
  delivered	
  

by	
  tDCS.	
  This	
  can	
  be	
  used	
  to	
  increase	
  the	
  focality	
  of	
  tDCS	
  application	
  in	
  one	
  of	
  two	
  

ways.	
  First,	
  increasing	
  the	
  size	
  of	
  the	
  reference	
  electrode	
  reduces	
  the	
  possibility	
  of	
  

the	
   reference	
   electrode	
   stimulating	
   unintended	
   areas.	
   This	
   is	
   due	
   to	
   the	
   current	
  

density	
  under	
  the	
  reference	
  electrode	
  being	
  substantially	
  decreased.	
  Alternatively,	
  

the	
  size	
  of	
  the	
  active	
  electrode	
  may	
  be	
  altered.	
  If	
  the	
  current	
  density	
  is	
  held	
  constant,	
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the	
  size	
  of	
  the	
  active	
  electrode	
  can	
  be	
  decreased.	
  This	
  focuses	
  the	
  stimulation	
  on	
  a	
  

smaller	
   area	
   while	
   still	
   delivering	
   the	
   same	
   amount	
   of	
   stimulation.	
   Reducing	
   the	
  

active	
  electrode	
  to	
  a	
   tenth	
  of	
   its	
  size	
  yields	
  comparable	
  results	
  when	
  compared	
  to	
  

standard-­‐sized	
  electrodes,	
  albeit	
  focused	
  on	
  a	
  smaller	
  location.	
  Increasing	
  the	
  size	
  of	
  

the	
   reference	
   electrode	
   by	
   a	
   factor	
   of	
   three	
   rendered	
   it	
   functionally	
   inactive	
  

(Nitsche	
  et	
  al.,	
  2007).	
  In	
  practice,	
  reducing	
  the	
  size	
  of	
  the	
  active	
  electrode	
  may	
  result	
  

in	
   lower	
   stimulation	
   than	
   intended	
   to	
   deeper	
   brain	
   regions	
   due	
   to	
   skull	
   shunting	
  

and	
   edge	
   effects	
   (Miranda	
   et	
   al.,	
   2009).	
   However,	
   some	
   studies	
   have	
   successfully	
  

increased	
   the	
   size	
  of	
   the	
   reference	
   electrode	
   to	
  100	
   cm2	
   to	
   administer	
   essentially	
  

unipolar	
  stimulation	
  (Knoch	
  et	
  al.,	
  2008),	
  (Boggio	
  et	
  al.,	
  	
  2009c).	
  

	
   Although	
   the	
   tDCS	
   current	
   is	
   initially	
   applied	
   to	
   an	
   area	
   the	
   size	
   of	
   the	
  

stimulating	
   electrode,	
   it	
   does	
  not	
   remain	
   confined	
   to	
   that	
   specific	
   area.	
   Computer	
  

simulations	
   have	
   been	
   used	
   to	
   model	
   this	
   current	
   flow,	
   and	
   have	
   increased	
   in	
  

sophistication	
   with	
   time.	
   Early	
   studies	
   modelled	
   the	
   head	
   as	
   three	
   concentric	
  

spheres	
  representing	
  the	
  scalp,	
  skull,	
  and	
  brain;	
  the	
  electrodes	
  were	
  represented	
  by	
  

points	
   (Rush	
   &	
   Driscoll,	
   1968;	
   Ferdjallah	
   et	
   al.,	
   1996).	
   More	
   recent	
   studies	
   have	
  

taken	
  electrode	
  size	
  and	
  shape	
  into	
  consideration,	
  and	
  used	
  MRI	
  guided	
  finite	
  head	
  

models	
   that	
   assign	
   different	
   electrical	
   properties	
   based	
   on	
   tissue	
   characteristics.	
  

These	
  differentiate	
  between	
  grey	
  and	
  white	
  matter,	
  CSF,	
  and	
  even	
  tissue	
  anisotropy	
  

(Oostendorp,	
  2008;	
  Suh,	
  et	
  al.,	
  2009).	
  Studies	
  employing	
  such	
  realistic	
  head	
  models	
  

have	
  demonstrated	
  that	
  the	
  highest	
  current	
  density	
  is	
  located	
  around	
  the	
  perimeter	
  

of	
   the	
   electrode,	
   and	
   that	
   half	
   of	
   the	
   current	
   may	
   be	
   shunted	
   through	
   the	
   scalp	
  

(Miranda	
  et	
  al.,	
  2006)	
  (Figure	
  2.5).	
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Figure	
  2.5:	
   Current	
   density	
   of	
   2mA	
   anodal	
   tDCS	
   applied	
   via	
   anode	
   over	
   M1	
   and	
  
cathode	
   over	
   contralateral	
   supraorbital	
   ridge.	
   Magnitude	
   is	
   indicated	
   by	
   colour	
   and	
  
direction	
  by	
  arrows.	
  A)	
  Current	
  distribution	
  across	
  the	
  scalp.	
  Note	
  that	
  the	
  arrows	
  have	
  
a	
   significant	
   latero-­‐mesial	
   component	
   (out	
   of	
   the	
   paper).	
   B)	
   Close-­‐up	
   of	
   the	
   current	
  
density	
   in	
   the	
  anode	
  and	
  scalp,	
   illustrating	
   the	
  substantial	
   shunting	
   that	
  occurs	
  across	
  
the	
  scalp.	
  Figures	
  adapted	
  from	
  Miranda	
  (2006).	
  
	
  

An	
  ultra-­‐realistic	
  model	
   considering	
  additional	
  variables	
   such	
  as	
  blood,	
   sclera,	
   fat,	
  

and	
   cartilage	
   revealed	
   that,	
   within	
   the	
   brain,	
   the	
   highest	
   current	
   densities	
   were	
  

found	
   underneath	
   the	
   electrodes,	
   but	
   comparable	
   densities	
   were	
   also	
   found	
   in	
  

distant	
   regions	
   (Sadleir	
   et	
   al.,	
   2010).	
   However,	
   because	
   the	
   site	
   of	
   electrode	
  

placement	
   varied	
   among	
   these	
   studies,	
   it	
   is	
   unclear	
  whether	
   their	
   results	
   can	
   be	
  

directly	
  compared.	
  

A	
  

B	
  

M1	
  anode	
  

M1	
  anode	
  

Reference	
  
cathode	
  

posterior	
  

right	
  

scalp	
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   In	
   addition	
   to	
   electrode	
   size,	
   electrode	
   shape	
   can	
   also	
   affect	
   current	
  

distribution.	
  Concentric	
  circular	
  electrodes	
  have	
  a	
  more	
  focal	
  current	
  density	
  peak	
  

than	
   traditional,	
   rectangular	
   arrangements	
   (Datta	
   et	
   al.,	
   2008).	
   Moreover,	
   this	
  

singular	
   peak	
   is	
   located	
   directly	
   under	
   the	
   electrode,	
   and	
   is	
   thus	
   not	
   as	
   widely	
  

dispersed	
  across	
   the	
  brain	
  as	
   those	
  generated	
  by	
  standard	
  montages	
   (Datta	
  et	
  al.,	
  

2009).	
  Studies	
  modelling	
  tDCS	
  current	
  flow	
  within	
  the	
  brain	
  may	
  also	
  be	
  extended	
  

to	
   pathological	
   cases:	
   Wagner	
   showed	
   that	
   cortical	
   strokes	
   increase	
   the	
   size	
   of	
  

current	
  density	
  maximums,	
  and	
  often	
  move	
  their	
  locations	
  to	
  the	
  edge	
  of	
  the	
  lesion	
  

site	
  (Wagner	
  et	
  al.,	
  2007).	
  

	
  

2.2.4 PHYSIOLOGICAL	
  METHODS	
  OF	
  ACTION	
  

	
   Though	
   behavioural	
   results	
   had	
   long	
   suggested	
   that	
   transcranial	
   currents	
  

can	
  affect	
  behaviour,	
  decades	
  would	
  pass	
  until	
  actual	
  evidence	
  surfaced	
   that	
   tDCS	
  

currents	
  do	
  indeed	
  penetrate	
  the	
  skull	
  to	
  affect	
  the	
  brain.	
  It	
  was	
  posited	
  from	
  work	
  

in	
   cats	
   that	
   anodal	
   stimulation	
   depolarizes	
   cells,	
   while	
   cathodal	
   stimulation	
  

hyperpolarizes	
  them	
  (Purpura	
  &	
  McMurty,	
  1965).	
  This	
  hypothesis	
  was	
  investigated	
  

in	
   a	
   pioneering	
   study	
   by	
   Priori	
   that	
   combined	
   tDCS	
   with	
   transcranial	
   magnetic	
  

stimulation	
  (TMS)	
  to	
  quantitatively	
  measure	
  changes	
  in	
  cortical	
  excitability	
  (Priori	
  

et	
  al.,	
  1998).	
  By	
  using	
  tDCS	
  protocols	
  that	
  either	
  do	
  or	
  do	
  not	
  produce	
  aftereffects,	
  

the	
   actions	
   of	
   tDCS	
   during	
   versus	
   following	
   stimulation	
   can	
   be	
   dissociated.	
   The	
  

majority	
   of	
   studies	
   employing	
   this	
   method	
   have	
   been	
   performed	
   on	
   the	
   motor	
  

cortex,	
   and	
   thus	
   it	
   is	
   within	
   this	
   domain	
   that	
   the	
   physiological	
   underpinnings	
   of	
  

tDCS	
  are	
  best	
  understood.	
  

	
   When	
  performed	
  in	
  conjunction	
  with	
  tDCS	
  to	
  the	
  motor	
  system,	
  TMS	
  is	
  often	
  

used	
   to	
   elicit	
  motor	
   evoked	
   potentials	
   (MEPs).	
  MEPs	
   generated	
   by	
   different	
   TMS	
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procedures	
   are	
   thought	
   to	
   depend	
   on	
   distinct	
   underlying	
   processes	
   (described	
   in	
  

more	
   detail	
   in	
   Section	
   2.1.2).	
   In	
   brief,	
   motor	
   thresholds	
   (MT)	
   rely	
   primarily	
   on	
  

corticospinal	
   tract	
   (CST)	
   neurons.	
   Input	
   output	
   (I/O)	
   curves	
   depend	
   on	
   CST	
   and	
  

intracortical	
   neurons.	
   Short	
   interval	
   intracortical	
   inhibition	
   (SICI)	
   reflects	
   the	
  

activity	
  of	
  GABAAergic	
   interneurons,	
  while	
   intracortical	
   facilitation	
  (ICF)	
  primarily	
  

stimulates	
   glutamatergic	
   interneurons	
   (Stagg	
   &	
   Nitsche,	
   2011).	
   Changes	
   in	
   these	
  

TMS	
   measures	
   provide	
   a	
   framework	
   from	
   which	
   we	
   can	
   postulate	
   the	
  

neurochemicals	
   involved	
   in	
   tDCS.	
   Pharmacological	
   drugs	
   can	
   then	
   be	
   used	
   to	
  

selectively	
  enhance	
  or	
  diminish	
  levels	
  of	
  these	
  neurochemicals,	
  providing	
  the	
  initial	
  

steps	
   towards	
  confirmation	
  of	
   their	
   involvement.	
  A	
  summary	
  of	
   the	
   following	
   two	
  

sections	
  is	
  presented	
  in	
  Table	
  2.2.	
  

Anodal	
  tDCS	
   Cathodal	
  tDCS	
  	
  
During	
   After	
   During	
   After	
  

MT	
  
-­‐-­‐	
   -­‐-­‐	
   -­‐-­‐	
   -­‐-­‐	
  

I/O	
  
Curve	
  

Trend	
  toward	
  
increase	
  

Increase	
   Increase	
   Decrease	
  

SICI	
  
-­‐-­‐	
   Decrease	
   -­‐-­‐	
   Increase	
  

ICF	
  
-­‐-­‐	
   Increase	
   Decrease	
   Decrease	
  

Na+/Ca2+	
  
channels	
  

Involved	
   Involved	
   -­‐-­‐	
   -­‐-­‐	
  

NMDA	
  
receptors	
  

-­‐-­‐	
   Involved	
   -­‐-­‐	
   Involved	
  

D2	
  
receptors	
  

-­‐-­‐	
   -­‐-­‐	
   -­‐-­‐	
   Involved	
  

Table	
  2.2:	
   Summary	
  of	
  the	
  tDCS-­‐induced	
  alterations	
  that	
  occur	
  during	
  and	
  following	
  
stimulation.	
  Table	
   shows	
  whether	
  MT,	
   I/O	
  curves,	
   SICI,	
   and	
   ICF	
  are	
  modified	
  by	
   tDCS,	
  
and	
   if	
   the	
   effects	
   of	
   tDCS	
   are	
   blocked	
   by	
   modification	
   of	
   Na+,	
   Ca2+,	
   NMDA,	
   and	
  
dopamine.	
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2.2.4.1 During	
  Stimulation	
  

	
   Neither	
   anodal	
   nor	
   cathodal	
   tDCS	
  modulate	
  motor	
   thresholds	
   during	
   their	
  

stimulation	
   periods.	
   This	
   demonstrates	
   that,	
   regardless	
   of	
   polarity,	
   tDCS	
   depends	
  

primarily	
  on	
  interneurons,	
  and	
  not	
  the	
  pyramidal	
  neurons	
  of	
  the	
  corticospinal	
  tract	
  

(Nitsche	
  et	
  al.,	
  2005).	
  Anodal	
  stimulation	
  shows	
  a	
  trend	
  toward	
  increasing	
  the	
  slope	
  

of	
   I/O	
   curves,	
   but	
   this	
   result	
   does	
   not	
   reach	
   significance.	
   Only	
   cathodal	
   tDCS	
  

significantly	
  modulates	
  I/O	
  curves	
  by	
  decreasing	
  their	
  slope	
  (Nitsche	
  et	
  al.,	
  2005).	
  

Because	
  I/O	
  curves	
  depend	
  on	
  a	
  broad	
  intracortical	
  neuronal	
  population,	
  this	
  result	
  

suggests	
  that	
  cathodal	
  tDCS	
  effects	
  a	
  larger	
  region	
  of	
  interneurons	
  than	
  anodal	
  tDCS	
  

(Chen,	
   2000).	
   Within	
   the	
   subtypes	
   of	
   cortical	
   interneurons,	
   anodal	
   and	
   cathodal	
  

stimulation	
   affect	
   differing	
   populations.	
   Neither	
   cathodal	
   nor	
   anodal	
   stimulation	
  

affect	
  measures	
   of	
   SICI,	
   implying	
   that	
   during	
   stimulation,	
   tDCS	
   does	
   not	
   strongly	
  

affect	
  GABAAergic	
  interneurons.	
  ICF,	
  however,	
  is	
  decreased	
  by	
  cathodal	
  stimulation	
  

which	
   suggests	
   that	
   cathodal	
   tDCS	
   does	
   exert	
   effects	
   on	
   excitatory	
   glutamatergic	
  

interneurons,	
   potentially	
   in	
   addition	
   to	
   GABAergic	
   interneurons	
   (Nitsche	
   et	
   al.,	
  

2005).	
   Taken	
   together,	
   these	
   results	
   indicate	
   that,	
   in	
   terms	
   of	
   the	
   neuronal	
  

populations	
  they	
  target,	
  anodal	
  tDCS	
  is	
  confined	
  to	
  a	
  comparatively	
  smaller	
  network	
  

of	
  cortical	
   interneurons	
  during	
  stimulation,	
  whereas	
  cathodal	
   tDCS	
  affects	
  a	
  wider	
  

range	
  of	
  such	
  neurons,	
  primarily	
  glutamatergic	
  subtypes.	
  

	
   The	
   intrastimulation	
   effects	
   of	
   tDCS	
   are	
   not	
   affected	
   by	
   NMDA-­‐receptor	
  

antagonists	
   (dextromethorphane,	
   DMO)	
   or	
   GABAA-­‐receptor	
   agonists	
   (lorazepam,	
  

LOR)	
  (Nitsche,	
  2003),	
  (Nitsche	
  et	
  al.,	
  2004a),	
  (Nitsche	
  et	
  al.,	
  2004c).	
  This	
  provides	
  

further	
   evidence	
   that	
   neither	
   anodal	
   nor	
   cathodal	
   tDCS	
   modulate	
   GABAergic	
  

interneurons	
   to	
   a	
   significant	
   extent.	
   However,	
   it	
   is	
   likely	
   that	
   both	
   anodal	
   and	
  

cathodal	
  stimulation	
  affect	
  membrane	
  potential.	
   In	
   fact,	
   this	
  may	
  be	
  anodal	
   tDCS’s	
  



	
   72	
  

primary	
   method	
   of	
   action	
   during	
   stimulation.	
   Blocking	
   calcium	
   channels	
   with	
  

flunarzine	
  (FLU)	
  reduces	
  the	
  effects	
  of	
  anodal	
  tDCS,	
  and	
  blocking	
  sodium	
  channels	
  

with	
   carbamezipine	
   (CBZ)	
   completely	
   eliminates	
   them	
   (Nitsche,	
   2003).	
   Although	
  

FLU	
  and	
  CBZ	
  did	
  not	
  affect	
  cathodal	
  stimulation,	
  this	
  result	
  does	
  not	
  eliminate	
  the	
  

possibility	
  that	
  cathodal	
  tDCS	
  relies	
  on	
  membrane	
  potential.	
  Rather,	
  it	
  is	
  consistent	
  

with	
   the	
   model	
   that	
   cathodal	
   stimulation	
   hyperpolarizes	
   neurons.	
   Cathodal	
   tDCS	
  

would	
   have	
   already	
   inactivated	
   calcium	
   and	
   sodium	
   channels,	
   thereby	
   rendering	
  

any	
   added	
   effect	
   of	
   FLU	
   or	
   CBZ	
   negligible	
   (Nitsche,	
   2003).	
   Moreover,	
   cathodal	
  

stimulation	
  modulates	
  I/O	
  curves,	
  which	
  themselves	
  reflect	
  membrane	
  excitability	
  

(Nitsche	
  et	
  al.,	
  2005).	
  

	
  

2.2.4.2 After	
  Stimulation	
  

	
   Anodal	
   tDCS	
   increases	
   the	
   slope	
   of	
   the	
   I/O	
   curve,	
   increases	
   ICF,	
   and	
  

decreases	
  SICI,	
  while	
  cathodal	
   tDCS	
  has	
   the	
  opposite	
  effects	
   (Nitsche	
  et	
  al.,	
  2005).	
  

Moreover,	
   anodal	
   stimulation	
   is	
   known	
   to	
   increase	
   MEPs,	
   while	
   cathodal	
   tDCS	
  

decreases	
  them	
  (Nitsche	
  &	
  Paulus,	
  2000).	
  The	
  changes	
  in	
  these	
  measures	
  but	
  not	
  in	
  

MT	
  suggest	
  that	
  the	
  effects	
  of	
  both	
  types	
  of	
  stimulation	
  after	
  termination	
  depend	
  on	
  

intracortical	
   neurons.	
   While	
   the	
   effects	
   of	
   tDCS	
   during	
   stimulation	
   are	
   primarily	
  

confined	
  to	
  effects	
  on	
  membrane	
  potential,	
  aftereffects	
  depend	
  both	
  on	
  membrane	
  

potential	
  and	
  changes	
  in	
  synaptic	
  plasticity.	
  Blocking	
  sodium	
  channels	
  with	
  CBZ	
  or	
  

calcium	
  channels	
  with	
  FLU	
  eliminated	
  the	
  effects	
  of	
  anodal	
  tDCS,	
  but	
  had	
  no	
  effects	
  

on	
  cathodal	
  tDCS	
  (Liebetanz	
  et	
  al.,	
  2002).	
  This	
  shows	
  that	
  the	
  aftereffects	
  of	
  anodal	
  

tDCS	
  are	
  dependent	
  on	
  the	
  modulation	
  of	
  subthreshold	
  membrane	
  potentials.	
  

	
   Both	
   types	
   of	
   stimulation	
   appear	
   to	
   be	
   strongly	
   dependent	
   on	
   NMDA	
  

receptors,	
  which	
   implies	
   that	
   the	
  aftereffects	
  of	
   anodal	
  and	
  cathodal	
   tDCS	
  may	
  be	
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explained	
  by	
  NMDA	
  receptor	
  dependant	
  LTP	
  and	
  LTD,	
  respectively	
  (Nitsche,	
  2003).	
  

Indeed,	
   blocking	
   NMDA	
   receptor	
   activity	
   with	
   NMDA-­‐receptor	
   antagonist	
   DMO	
  

abolishes	
  the	
  aftereffects	
  of	
  both	
  cathodal	
  and	
  anodal	
  tDCS	
  (Liebetanz	
  et	
  al.,	
  2002).	
  

Similarly,	
   the	
   addition	
   of	
   partial	
   NMDA	
   agonist	
   D-­‐cycloserine	
   (CYC)	
   prolongs	
   the	
  

aftereffects	
  of	
  anodal	
  tDCS	
  (Nitsche	
  et	
  al.,	
  2004b).	
  Anodal	
  tDCS	
  aftereffects	
  can	
  also	
  

be	
   prolonged	
   by	
   administering	
   AMP,	
   a	
   catecholaminergic	
   reuptake	
   inhibitor	
  

(Nitsche	
  et	
  al.,	
  2004a).	
  This	
  effect	
  is	
  blocked	
  by	
  DMO,	
  further	
  supporting	
  the	
  crucial	
  

role	
   of	
  NMDA	
   receptors.	
   Their	
   activity	
   likely	
   depends	
   on	
   adrenergic	
   receptors,	
   as	
  

the	
   aftereffects	
   of	
   anodal	
   tDCS	
   can	
   be	
   shortened	
   with	
   the	
   beta-­‐adrenergic	
  

antagonist	
  propanalol	
  (Nitsche	
  et	
  al.,	
  2004a).	
  

	
   Cathodal	
   tDCS	
   appears	
   to	
   be	
   strongly	
   dependant	
   on	
   dopamine	
   levels.	
  

Blockading	
   dopaminergic	
   D2	
   receptors	
   prohibits	
   the	
   induction	
   of	
   cathodal	
  

aftereffects;	
   increasing	
   the	
   activation	
   of	
   these	
   receptors	
   can	
   prolong	
   such	
  

aftereffects	
   for	
   up	
   to	
   24	
   hours	
   (Nitsche	
   et	
   al.,	
   2006).	
   Indeed,	
   increasing	
  

dopaminergic	
   tone	
   with	
   L-­‐DOPA	
   reversed	
   the	
   aftereffects	
   of	
   anodal	
   tDCS	
   and	
  

elicited	
   cathodal-­‐like	
   behaviour	
   (Kuo	
   et	
   al.,	
   2008).	
   However,	
   anodal	
   tDCS	
   may	
  

depend	
   on	
  dopamine	
   as	
  well:	
   if	
   dopamine	
   levels	
   are	
   decreased	
   but	
   not	
   abolished	
  

completely,	
   cathodal	
   tDCS	
   results	
   in	
   anodal-­‐like	
   facilitation	
   (Kuo	
   et	
   al.,	
   2008).	
   In	
  

addition	
   to	
   dopamine,	
   other	
   neuromodulators	
   affect	
   anodal	
   and	
   cathodal	
   tDCS.	
  

Boosting	
   levels	
   of	
   serotonin	
   increases	
   both	
   the	
   duration	
   and	
   magnitude	
   of	
   the	
  

excitability	
  enhancing	
  effects	
  seen	
  after	
  anodal	
   tDCS.	
  Likewise,	
  a	
  decrease	
   in	
   tonic	
  

serotonin	
  increases	
  the	
  duration,	
  but	
  not	
  magnitude,	
  of	
  cathodal	
  tDCS	
  (Nitsche	
  et	
  al.,	
  

2009).	
   Moreover,	
   increasing	
   cholinergic	
   tone	
   abolishes	
   anodal	
   tDCS,	
   whereas	
   it	
  

facilitates	
  cathodal	
  tDCS	
  by	
  lengthening	
  its	
  duration	
  (Kuo	
  et	
  al.,	
  2007).	
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Chapter	
  3: Methods	
  for	
  Imaging	
  the	
  Motor	
  System	
  
Neuroimaging	
  techniques	
  allow	
  for	
  detailed	
  investigation	
  into	
  the	
  organization	
  of	
  

the	
  human	
  brain.	
  Chapters	
  4,	
  6,	
  and	
  7	
  employ	
  magnetic	
  resonance	
  imaging	
  (MRI)	
  to	
  

track	
   a	
   variety	
   of	
   neuroplastic	
   changes	
   induced	
   by	
  motor	
   learning	
   and	
   stimulation.	
  

Functional	
  MRI	
  is	
  used	
  to	
  assess	
  patterns	
  of	
  activation	
  during	
  task	
  performance	
  and	
  at	
  

rest;	
   structural	
   MRI	
   quantifies	
   alterations	
   in	
   cortical	
   and	
   subcortical	
   gray	
   matter;	
  

diffusion	
  MRI	
  measures	
   the	
   integrity	
  of	
   the	
   fiber	
  pathways	
  connecting	
   these	
  regions.	
  

This	
  chapter	
  explains	
  the	
  basic	
  principles	
  of	
  MRI,	
  then	
  focuses	
  on	
  each	
  modality	
  in	
  turn.	
  

Finally,	
  it	
  presents	
  particular	
  considerations	
  that	
  arise	
  in	
  this	
  thesis.	
  

	
  

3.1 OVERVIEW	
  OF	
  MAGNETIC	
  RESONANCE	
  IMAGING	
  

	
   The	
   origins	
   of	
   imaging	
   can	
   be	
   traced	
   back	
   to	
   the	
   late	
   1800s	
   and	
   the	
  

fortuitous	
  discovery	
  of	
  X-­‐rays	
  and	
  radioactivity.	
  Medical	
  imaging	
  of	
  the	
  type	
  known	
  

today,	
  however,	
  began	
  with	
  the	
  invention	
  of	
  Computed	
  Tomography	
  (CT),	
  for	
  which	
  

Hounsfield	
  and	
  Cormack	
  won	
  the	
  Nobel	
  Prize	
  for	
  Medicine	
  and	
  Physiology	
  in	
  1979.	
  

Additional	
   imaging	
   techniques	
   such	
   as	
   Single	
   Photon	
   Emission	
   Computed	
  

Tomography	
   (SPECT),	
   Positron	
   Emission	
   Tomography	
   (PET),	
   and	
   Magnetic	
  

Resonance	
   Imaging	
   (MRI)	
   have	
   gained	
   use	
   as	
   diagnostic	
   and	
   research	
   tools.	
   MR	
  

imaging	
  is	
  widely	
  used	
  by	
  clinicians	
  and	
  researchers	
  alike,	
  both	
  for	
  its	
  high	
  degree	
  

of	
  sensitivity	
  and	
  relative	
  safety.	
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3.1.1 PHYSICAL	
  PRINCIPLES	
  

3.1.1.1 The	
  Hydrogen	
  Atom	
  

	
   The	
  hydrogen	
  atom	
  (1H)	
  is	
  the	
  most	
  abundant	
  atom	
  in	
  the	
  human	
  body,	
  and	
  

is	
  a	
  primary	
  component	
  of	
  both	
  water	
  and	
   fat	
  molecules.	
   Its	
  nucleus	
  consists	
  of	
  a	
  

single	
   proton	
   spinning	
   about	
   its	
   own	
   axis,	
   which	
   gives	
   the	
   hydrogen	
   atom	
   a	
  

magnetic	
  moment.	
  The	
  magnetic	
  moment	
  can	
  be	
  visualized	
  as	
  a	
  bar	
  magnet	
  with	
  a	
  

north	
   and	
   south	
   pole,	
   and	
   an	
   induced	
   magnetic	
   field.	
   Other	
   atoms	
   such	
   as	
  

phosphorus	
  (31P)	
  and	
  carbon	
  (13C)	
  also	
  have	
  magnetic	
  moments.	
  However,	
  because	
  

hydrogen’s	
   nucleus	
   contains	
   no	
   neutrons,	
   it	
   has	
   a	
   exceptionally	
   large	
   magnetic	
  

moment.	
  This,	
  combined	
  with	
  its	
  prevalence	
  in	
  the	
  human	
  body—particularly	
  in	
  the	
  

brain,	
   makes	
   the	
   hydrogen	
   nuclei	
   the	
   preferred	
   candidate	
   on	
   which	
   to	
   base	
   MR	
  

imaging.	
  	
  

	
  

3.1.1.2 Alignment	
  in	
  B0	
  

	
   In	
  an	
  environment	
  at	
  rest,	
  the	
  magnetic	
  moments	
  of	
  the	
  hydrogen	
  nuclei	
  will	
  

be	
   randomly	
   oriented,	
  with	
   their	
   north	
   and	
   south	
   poles	
   facing	
   varying	
   directions	
  

(Figure	
   3.1A).	
   When	
   an	
   external	
   magnetic	
   field	
   (B0)	
   is	
   applied,	
   the	
   magnetic	
  

moments	
  of	
  the	
  nuclei	
  align	
  themselves	
  with	
  B0.	
  Most	
  magnetic	
  moments	
  will	
  align	
  

parallel	
   to	
   B0,	
   while	
   a	
   smaller	
   portion	
   will	
   align	
   anti-­‐parallel	
   to	
   the	
   field	
   (Figure	
  

3.1B).	
   This	
   difference	
   arises	
   because	
   more	
   energy	
   is	
   required	
   to	
   oppose	
   the	
  

magnetic	
  field:	
  moments	
  aligned	
  anti-­‐parallel	
  to	
  B0	
  are	
  said	
  to	
  be	
  high	
  energy,	
  while	
  

those	
   aligned	
   parallel	
   to	
   it	
   are	
   low	
   energy.	
   The	
   net	
   magnetization	
   vector	
   (NMV)	
  

reflects	
  the	
  balance	
  between	
  the	
  parallel	
  and	
  anti-­‐parallel	
  nuclei.	
  At	
  higher	
  magnetic	
  

fields,	
  fewer	
  nuclei	
  have	
  the	
  energy	
  required	
  to	
  align	
  anti-­‐parallel	
  to	
  B0,	
  resulting	
  in	
  

a	
  larger	
  NMV.	
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Figure	
  3.1:	
  Alignment	
   in	
  B0.	
   (A)	
  The	
  magnetic	
  moments	
  of	
  hydrogen	
  nuclei	
  at	
   rest	
  are	
  
randomly	
  oriented.	
  (B)	
  In	
  the	
  presence	
  of	
  an	
  external	
  magnetic	
  field,	
  they	
  align	
  parallel	
  
or	
  anti-­‐parallel	
  to	
  B0.	
  
	
  

3.1.1.3 Precession	
  

	
   In	
   addition	
   to	
   orienting	
   the	
   nuclear	
   magnetic	
   moments	
   of	
   the	
   hydrogen	
  

atoms,	
  B0	
  also	
  causes	
  the	
  magnetic	
  moments	
  to	
  rotate	
  in	
  a	
  circular	
  path	
  around	
  B0.	
  

The	
  frequency	
  with	
  which	
  the	
  nuclei	
  complete	
  this	
  path	
  is	
  termed	
  the	
  precessional	
  

frequency	
   (ω0).	
   This	
   frequency	
   is	
   a	
   property	
   of	
   the	
   atom	
   and	
   B0,	
   and	
   can	
   be	
  

determined	
  using	
  the	
  Larmor	
  equation:	
  

ω0	
  =	
  λ	
  ×	
  B0	
  

where	
  λ	
  is	
  the	
  gyromagnetic	
  ratio	
  of	
  the	
  nucleus.	
  Critically,	
  the	
  gyromagnetic	
  ratio	
  is	
  

a	
  constant	
  particular	
  to	
  each	
  type	
  of	
  atom,	
  and	
  is	
  the	
  same	
  for	
  all	
  nuclei	
  of	
  that	
  atom.	
  

That	
   is,	
   all	
   hydrogen	
   nuclei	
   possess	
   the	
   same	
   gyromagnetic	
   ratio	
   of	
   42.57	
  

MHz/Tesla,	
  which	
  differs	
  from	
  that	
  of	
  carbon	
  nuclei,	
  for	
  example.	
  The	
  precessional	
  

(Larmor)	
   frequency	
   is	
   directly	
   proportional	
   to	
   B0;	
   as	
   one	
   increases,	
   so	
   does	
   the	
  

other.	
  

	
  

3.1.1.4 Resonance	
  

	
   The	
  Larmor	
  frequency	
  of	
  the	
  hydrogen	
  nuclei	
   is	
  within	
  the	
  radio	
  frequency	
  

(RF)	
  band	
  of	
   the	
   electromagnetic	
   spectrum.	
   If	
   an	
  RF	
  pulse	
  of	
   energy	
   is	
   applied	
   at	
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this	
   Larmor	
   frequency,	
   the	
   hydrogen	
   nucleus	
   gains	
   the	
   energy	
   of	
   the	
   pulse,	
   in	
   a	
  

process	
  termed	
  resonance.	
  As	
  a	
  result	
  of	
  this	
  excitation,	
  some	
  low	
  energy	
  nuclei	
  will	
  

convert	
  to	
  high	
  energy	
  nuclei	
  and	
  flip	
  orientations	
  to	
  align	
  anti-­‐parallel	
  to	
  B0.	
  This	
  

modification	
  in	
  the	
  balance	
  between	
  high	
  and	
  low	
  energy	
  nuclei	
  moves	
  the	
  NMV	
  out	
  

of	
  alignment	
  with	
  B0.	
  The	
  NMV	
  is	
  now	
  no	
  longer	
  parallel	
  to	
  B0	
  and	
  the	
  longitudinal	
  

plane,	
  but	
  at	
  an	
  angle	
  to	
  it	
  in	
  the	
  transverse	
  plane.	
  Most	
  RF	
  pulses	
  flip	
  the	
  NMV	
  90°	
  

to	
  B0.	
  Additionally,	
  the	
  RF	
  pulse	
  causes	
  the	
  hydrogen	
  nuclei	
  to	
  come	
  into	
  phase	
  with	
  

each	
   other;	
   that	
   is,	
   the	
   hydrogen	
   nuclei	
   will	
   be	
   at	
   the	
   same	
   position	
   on	
   their	
  

precessional	
  paths.	
  

	
  

3.1.1.5 The	
  MR	
  Signal	
  

	
   Faraday’s	
   laws	
   of	
   induction	
   state	
   that	
   if	
   a	
   conductive	
   coil	
   is	
   placed	
   in	
   a	
  

moving	
   magnetic	
   field,	
   a	
   voltage	
   is	
   produced	
   in	
   that	
   coil.	
   Accordingly,	
   when	
   the	
  

precession	
   of	
   hydrogen	
   nuclei	
   move	
   across	
   the	
   scanner’s	
   coil	
   in	
   the	
   transverse	
  

plane,	
  the	
  MR	
  signal	
  is	
  produced.	
  When	
  the	
  RF	
  pulse	
  is	
  turned	
  off,	
  the	
  NMV	
  seeks	
  to	
  

realign	
   with	
   B0.	
   During	
   this	
   processes,	
   termed	
   relaxation,	
   a	
   portion	
   of	
   hydrogen	
  

nuclei	
  lose	
  the	
  energy	
  given	
  to	
  them	
  by	
  the	
  prior	
  RF	
  pulse.	
  As	
  relaxation	
  occurs,	
  the	
  

amount	
  of	
  magnetization	
   in	
   the	
   longitudinal	
  plane	
  gradually	
   increases	
   (recovery),	
  

while	
   the	
   magnetization	
   in	
   the	
   transverse	
   plane	
   decreases	
   (decay).	
   As	
  

magnetization	
   in	
   the	
   transverse	
   plane	
   decreases,	
   so	
   too	
   does	
   the	
  MR	
   signal,	
   in	
   a	
  

process	
  called	
  the	
  free	
  induction	
  decay	
  (FID).	
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3.1.2 IMAGE	
  ACQUISITION	
  

3.1.2.1 Overview	
  

	
   The	
  MR	
   signal	
   can	
   be	
  manipulated	
   to	
   create	
   images	
   of	
   different	
   contrasts,	
  

allowing	
  for	
  tissue	
  discrimination.	
  A	
  tissue	
  has	
  high	
  signal	
  (and	
  thus	
  appears	
  bright)	
  

if	
   there	
   is	
  a	
   large	
  component	
  of	
  coherent	
   transverse	
  magnetization.	
  Parameters	
  of	
  

the	
  pulse	
  sequence	
  are	
  used	
   to	
  modify	
   the	
  amount	
  of	
   transverse	
  magnetization	
   in	
  

each	
  tissue	
  type	
  at	
  the	
  time	
  the	
  signal	
  is	
  read.	
  This	
  takes	
  advantage	
  of	
  the	
  fact	
  that	
  

the	
  rate	
  at	
  which	
  transverse	
  magnetization	
  decays—and	
  longitudinal	
  magnetization	
  

recovers,	
   varies	
   between	
   tissue.	
   Particularly	
   important	
   tissue	
   types	
   to	
   consider	
  

when	
   imaging	
   the	
  brain	
  are	
   fat	
   and	
  water,	
   two	
   large	
   components	
  of	
  white	
  matter	
  

and	
  CSF,	
  respectively.	
  

	
  

3.1.2.2 Pulse	
  Timing	
  Parameters	
  

	
   Pulse	
   sequences	
   are	
   a	
   combination	
   of	
   RF	
   pulses,	
   periods	
   of	
   recovery	
   that	
  

generate	
  the	
  MR	
  image,	
  and	
  signal	
  readout	
  (Figure	
  3.2).	
  Two	
  main	
  components	
  are	
  

the	
  repetition	
  time	
  (TR)	
  and	
  echo	
  time	
  (TE).	
  TR	
  is	
  the	
  time	
  in	
  milliseconds	
  from	
  one	
  

RF	
  pulse	
  application	
  to	
  the	
  next	
  for	
  each	
  brain	
  slice.	
  TE	
  is	
  the	
  time	
  in	
  milliseconds	
  

from	
  the	
  application	
  of	
  the	
  RF	
  pulse	
  to	
  the	
  moment	
  of	
  peak	
  signal	
  induction	
  in	
  the	
  

coil.	
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Figure	
  3.2:	
  Pulse	
  sequence	
  diagram.	
  Figure	
  adapted	
  from	
  http://ipg.epfl.ch/	
  
	
  

3.1.2.3 Weighting	
  and	
  Contrast	
  

	
   T1	
  IMAGES.	
   T1	
   recovery	
   refers	
   to	
   the	
   restoration	
   of	
   longitudinal	
  

magnetization	
   following	
   the	
   end	
   of	
   an	
   RF	
   pulse.	
   It	
   is	
   the	
   result	
   of	
   the	
   hydrogen	
  

nuclei	
  releasing	
  their	
  energy	
  into	
  the	
  surrounding	
  environment.	
  T1	
  relaxation	
  time	
  

is	
  the	
  time	
  it	
  takes	
  for	
  63%	
  of	
  the	
  longitudinal	
  magnetization	
  to	
  be	
  recovered.	
  This	
  

varies	
  from	
  tissue	
  to	
  tissue:	
  in	
  fat,	
  it	
  is	
  a	
  relatively	
  rapid	
  process,	
  leading	
  to	
  a	
  short	
  

T1.	
   Recovery	
   is	
   slower	
   in	
   water,	
   resulting	
   in	
   a	
   longer	
   T1.	
   For	
   a	
   particular	
   pulse	
  

sequence,	
   TR	
   determines	
   the	
   amount	
   of	
   T1	
   recovery	
   that	
   has	
   occurred	
  when	
   the	
  

signal	
   is	
  read.	
  Thus,	
  to	
  maximize	
  the	
  contrast	
  between	
  fat	
  and	
  water,	
  T1-­‐weighted	
  

images	
  use	
  a	
  short	
  TR,	
  so	
  that	
  neither	
  tissue	
  has	
  had	
  time	
  to	
   fully	
  recover	
  (Figure	
  

3.3A).	
  After	
  being	
  refocused	
  by	
  the	
  next	
  excitation	
  pulse,	
  fat	
  will	
  appear	
  bright	
  on	
  a	
  

T1-­‐weighted	
  image	
  due	
  to	
  its	
  high	
  signal,	
  whereas	
  water	
  will	
  appear	
  dark	
  due	
  to	
  a	
  

lower	
  signal.	
  	
  

	
   T2	
  IMAGES.	
   T2	
  decay	
  is	
  the	
  loss	
  of	
  transverse	
  magnetization	
  following	
  the	
  

end	
  of	
  the	
  RF	
  pulse.	
  It	
  is	
  caused	
  by	
  the	
  hydrogen	
  nuclei	
  exchanging	
  energy	
  with	
  each	
  

other	
  due	
  to	
  neighbouring	
  interactions.	
  The	
  T2	
  relaxation	
  time	
  of	
  a	
  tissue	
  is	
  the	
  time	
  

it	
   takes	
   for	
   63%	
   of	
   the	
   transverse	
   magnetization	
   to	
   be	
   lost.	
   Loss	
   of	
   transverse	
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magnetization	
  in	
  fat	
  occurs	
  quickly,	
   leading	
  to	
  a	
  short	
  T2,	
  while	
  the	
  T2	
  of	
  water	
  is	
  

long.	
  The	
  amount	
  of	
  T2	
  decay	
  that	
  has	
  occurred	
  at	
  signal	
  readout	
  is	
  determined	
  by	
  

the	
  length	
  of	
  the	
  TE.	
  When	
  generating	
  a	
  T2-­‐weighted	
  image,	
  the	
  TE	
  is	
  be	
  relatively	
  

long,	
   to	
   allow	
   both	
  water	
   and	
   fat	
   sufficient	
   time	
   to	
   decay	
   (Figure	
   3.3B).	
   Because	
  

water	
  has	
  a	
   long	
  T2,	
  comparatively	
   less	
  decay	
  of	
   its	
   transverse	
  magnetization	
  will	
  

have	
   occurred,	
   and	
   thus	
   it	
   appears	
   bright	
   on	
   a	
   T2-­‐weighted	
   image.	
   Fat,	
   however,	
  

with	
  its	
  short	
  T2,	
  has	
  experienced	
  more	
  decay,	
  has	
  less	
  signal,	
  and	
  appears	
  dark.	
  A	
  

long	
  TR	
  can	
  be	
  used	
  as	
  well	
  to	
  minimize	
  T1	
  contrast.	
  

	
  

	
  
Figure	
   3.3:	
   Image	
   weighting.	
   (A)	
   T1-­‐weighted	
   images	
   depend	
   primarily	
   on	
   TR,	
   and	
  
recovery	
  of	
  longitudinal	
  magnetization.	
  (B)	
  T2-­‐weighted	
  images	
  depend	
  primarily	
  on	
  TE	
  
and	
  the	
  amount	
  of	
  decay	
  in	
  the	
  transverse	
  plane.	
  Figures	
  from	
  revisemri.com	
  
	
  

	
   T2*	
  IMAGES.	
   T2*	
   decay	
   is	
   the	
   decay	
   of	
   the	
   FID	
   following	
   the	
   RF	
   pulse.	
   It	
  

occurs	
   faster	
   than	
   T2	
   decay,	
   due	
   to	
   the	
   additional	
   dephasing	
   resulting	
   from	
   field	
  

inhomogeneities.	
  	
  

	
  

3.1.2.4 Spatial	
  Localization	
  

	
   The	
  spatial	
   location	
  from	
  which	
  each	
  signal	
  originates	
  must	
  be	
  determined,	
  

in	
   3	
   dimensions.	
   This	
   is	
   done	
   by	
   first	
   selecting	
   a	
   2-­‐dimensional	
   slice,	
   and	
   then	
  

locating	
  the	
  signal’s	
  point	
  of	
  origin	
  along	
  each	
  of	
  the	
  two	
  remaining	
  axes,	
  a	
  process	
  

called	
   encoding.	
   Both	
   slice	
   selection	
   and	
   spatial	
   encoding	
   utilise	
   gradients:	
   a	
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gradient	
  is	
  applied	
  in	
  the	
  x,	
  y,	
  and	
  z	
  directions,	
  causing	
  the	
  magnetic	
  field	
  to	
  vary	
  in	
  

a	
  linear	
  fashion	
  emanating	
  from	
  the	
  field’s	
  isocentre.	
  Thus,	
  each	
  location	
  within	
  the	
  

magnet	
   has	
   nuclei	
   precessing	
   at	
   slightly	
   different	
   rates,	
   allowing	
   the	
   signal	
   to	
   be	
  

accurately	
   positioned	
   according	
   to	
   its	
   precessional	
   frequency.	
   This	
   information	
  

about	
  the	
  location	
  of	
  each	
  individual	
  signal	
  is	
  then	
  transformed	
  into	
  an	
  image	
  using	
  

complex	
   Fourier	
   transforms.	
   Figure	
   3.4	
   shows	
   structural	
   images	
   of	
   varying	
  

contrasts.	
  

	
  
Figure	
   3.4:	
  Axial	
   structural	
  MRI	
   slices.	
   (A)	
   T1-­‐weighted	
   image.	
   (B)	
   T2-­‐weighted	
   image.	
  
Figure	
  adapted	
  from	
  revisemri.com	
  
	
  

3.1.3 SAFETY	
  

3.1.3.1 Magnetic	
  Fields	
  

	
   Although	
  MRI	
  does	
  not	
   involve	
   the	
  use	
  of	
   ionizing	
   radiation	
  as	
   some	
  other	
  

imaging	
  techniques	
  do,	
  MR	
  imaging	
  does	
  present	
  its	
  own	
  set	
  of	
  safety	
  issues.	
  These	
  

primarily	
  arise	
  from	
  the	
  powerful	
  magnetic	
  fields.	
  In	
  particular,	
  the	
  static	
  field	
  (B0),	
  

the	
  time-­‐varying	
  magnetic	
   fields	
  generated	
  by	
  gradients,	
  and	
  the	
  RF	
  pulses	
  can	
  all	
  

cause	
   potentially	
   hazardous	
   biological	
   effects.	
   Studies	
   have	
   found	
   no	
   significant	
  

adverse	
  affects	
  caused	
  by	
  short-­‐term	
  exposure	
  to	
  the	
  static	
  magnetic	
  field	
  (Shellock	
  

&	
   Crues,	
   2004),	
   though	
   at	
   very	
   high	
   fields,	
   long-­‐term,	
   prolonged	
   exposure	
   could	
  

theoretically	
  lead	
  to	
  negative	
  pathological	
  changes	
  (Schenck,	
  2000).	
  The	
  static	
  field	
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may	
  also	
  cause	
  mild	
  sensory	
  effects,	
  such	
  as	
  vertigo	
  and	
  nausea	
  (McRobbie,	
  Moore,	
  

Graves,	
  &	
  Prince,	
  2007).	
  

	
   The	
  main	
  concern	
  surrounding	
  gradient	
   fields	
   is	
   the	
  possibility	
  of	
   inducing	
  

undesirable	
   peripheral	
   stimulation,	
   especially	
   during	
   EPI	
   sequences	
   (see	
   Section	
  

3.3.2).	
   Experienced	
   as	
   tingling	
   or	
   tapping,	
   this	
   phenomenon	
   is	
   bothersome,	
   but	
  

generally	
   not	
   harmful	
   (McRobbie	
   et	
   al.,	
   2007):	
   the	
   threshold	
   for	
   inducing	
   enough	
  

stimulation	
  so	
  as	
  to	
  effect	
  cardiac	
  tissue	
  far	
  exceeds	
  the	
  strengths	
  used	
  for	
  clinical	
  

and	
   research	
   purposes	
   (Shellock	
   &	
   Crues,	
   2004).	
   An	
   additional	
   concern	
   is	
   the	
  

acoustic	
   noise	
   generated	
   when	
   current	
   is	
   passed	
   through	
   the	
   gradient	
   coil.	
   The	
  

sound	
  of	
   the	
   coils	
  moving	
   against	
   their	
  mountings	
   can	
  be	
   in	
   excess	
   of	
   100	
  dB	
  on	
  

some	
   models	
   (McRobbie	
   et	
   al.,	
   2007).	
   To	
   counteract	
   this,	
   hearing	
   protection	
   is	
  

suggested,	
   such	
   as	
   ear	
   plugs	
   or	
   more	
   advanced	
   noise-­‐cancelling	
   headphones	
  

(Westbrook,	
  Roth,	
  &	
  Talbot,	
  2005).	
  The	
  development	
  of	
   ‘quiet’	
  gradient	
  systems	
  is	
  

an	
  active	
  area	
  of	
  ongoing	
  research.	
  

	
   The	
  primary	
  safety	
  issue	
  arising	
  from	
  RF	
  coils	
   is	
  the	
  heating	
  of	
  tissues.	
  The	
  

RF	
  waves	
  are	
   from	
  the	
  nonionizing	
  radiofrequency	
  portion	
  of	
   the	
  electromagnetic	
  

spectrum,	
   and	
   therefore	
   lack	
   the	
  energy	
   required	
   to	
   ionise	
   the	
  atoms	
  of	
   the	
  body	
  

and	
  cause	
  cellular	
  damage.	
  Thus,	
  while	
  ionizing	
  radiation	
  has	
  the	
  potential	
  to	
  induce	
  

irreversible	
  damage	
  on	
   the	
  molecular	
   level,	
   the	
  greatest	
  concern	
  with	
  nonionizing	
  

radiation	
  like	
  that	
  delivered	
  by	
  RF	
  pulses	
   is	
  direct	
  heating	
  of	
  the	
  body	
  (Formica	
  &	
  

Silvestri,	
   2004).	
  This	
   is	
  because	
   the	
  majority	
  of	
   the	
  RF	
  power	
   is	
   transformed	
   into	
  

heat	
  within	
  the	
  subject’s	
  body.	
  The	
  risk	
  is	
  increased	
  when	
  wires	
  or	
  cables,	
  such	
  as	
  

those	
   used	
   to	
   connect	
   to	
   stimulation	
   devices,	
   are	
   placed	
   in	
   the	
   scanner	
   with	
   the	
  

patient,	
   as	
   it	
   is	
   possible	
   to	
   inadvertently	
   couple	
   the	
   RF	
   energy	
   into	
   the	
  wires.	
   To	
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combat	
   this,	
   care	
   should	
  be	
   taken	
   that	
   the	
  wires	
   contain	
  no	
   loops,	
   and	
   are	
  not	
   in	
  

contact	
  with	
  the	
  participant’s	
  body	
  (McRobbie	
  et	
  al.,	
  2007).	
  

	
  

3.1.3.2 Ferromagnetic	
  Attraction	
  

	
   In	
   practice,	
   the	
   most	
   common	
   hazard	
   associated	
   with	
   MR	
   imaging	
   is	
  

ferromagnetic	
  attraction:	
  when	
  metals	
  such	
  as	
  iron	
  or	
  steel	
  come	
  in	
  close	
  proximity	
  

to	
   the	
  scanner’s	
  magnet,	
   they	
  experience	
  a	
   force	
   that	
  can	
   turn	
   them	
   into	
  airborne	
  

projectiles	
   (McRobbie	
   et	
   al.,	
   2007).	
   It	
   should	
   be	
   noted	
   that	
   the	
   magnetic	
   field	
  

extends	
  beyond	
   the	
   confines	
  of	
   the	
   scanner	
   field,	
   creating	
   a	
  perimeter	
   in	
  which	
   a	
  

fringe	
   field	
   exists.	
   Thus,	
   all	
   items	
   used	
   in	
   and	
   around	
   the	
   scanner	
   must	
   be	
   MR	
  

compatible,	
  including	
  assistive	
  walking	
  apparatus	
  and	
  devices	
  for	
  task	
  performance.	
  

The	
  ferromagnetic	
  force	
  can	
  also	
  act	
  on	
  metallic	
  objects	
  implanted	
  within	
  the	
  body,	
  

such	
   as	
   aneurysm	
   clips,	
   and	
   can	
   alter	
   the	
   functioning	
   of	
   medical	
   devices	
   like	
  

pacemakers	
   and	
   cochlear	
   implants.	
   Because	
   of	
   this,	
   it	
   is	
   important	
   that	
   thorough	
  

safety	
   checks	
   are	
   performed	
   before	
   allowing	
   anyone—researcher	
   or	
   participant-­‐	
  

into	
  the	
  MRI	
  room.	
  	
  

	
  

3.1.3.3 Safety	
  Guidelines	
  

	
   In	
  order	
   to	
  ensure	
   the	
  safety	
  of	
   those	
  administering	
  and	
  undergoing	
  scans,	
  

extensive	
   safety	
   guidelines	
   have	
   been	
   established.	
   Particular	
   vigilance	
   should	
   be	
  

taken	
   when	
   screening	
   subjects	
   with	
   implanted	
   devices,	
   or	
   occupations	
   that	
   may	
  

have	
  caused	
  accidental	
   internal	
   lodging	
  of	
   ferromagnetic	
  materials,	
  such	
  as	
  metal-­‐

working.	
   Although	
  many	
   implanted	
   devices	
   today	
   are	
  MR	
   safe	
   (Westbrook	
   et	
   al.,	
  

2005),	
   it	
   should	
   not	
   be	
   assumed	
   that	
   all	
   modern	
   medical	
   implants	
   will	
   be	
   non-­‐

ferromagnetic.	
   Due	
   to	
   heating	
   concerns,	
   care	
   should	
   be	
   taken	
   with	
   subjects	
   that	
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have	
   tattoos	
   or	
   permanent	
  makeup.	
   Although	
   no	
   adverse	
   effects	
   on	
   embryos	
   and	
  

foetuses	
   have	
   been	
   documented,	
   the	
   scanning	
   of	
   pregnant	
   women	
   is	
   generally	
  

advised	
  against,	
  particularly	
  during	
  the	
  first	
  trimester	
  (Westbrook	
  et	
  al.,	
  2005).	
  Due	
  

to	
   the	
   small	
   size	
   of	
   the	
   bore	
   hole,	
   some	
  may	
   experience	
   bouts	
   of	
   claustrophobia	
  

during	
  scanning.	
  Enquiries	
  should	
  be	
  made	
  prior	
  to	
  scanning	
  about	
  the	
  possibility	
  of	
  

this	
   occurring.	
   To	
   promote	
   the	
   safety	
   and	
   comfort	
   of	
   the	
   participant,	
   continual	
  

verbal	
  and	
  visual	
  monitoring	
  should	
  occur	
  during	
  the	
  scan.	
  

	
  

3.2 STRUCTURAL	
  MRI	
  

3.2.1 OVERVIEW	
  

	
   Structural	
  scans	
  can	
  be	
  used	
  for	
  precise	
  visualization	
  of	
  neuroanatomy	
  and	
  

to	
   identify	
   structural	
   abnormalities,	
   such	
   as	
   lesions	
   due	
   to	
   stroke.	
   T1-­‐weighted	
  

images	
   are	
   also	
   integral	
   to	
   the	
   registration	
  process	
   that	
   aligns	
  multiple	
   images	
   to	
  

each	
  other	
  (discussed	
  further	
  in	
  Section	
  3.3.3).	
  	
  In	
  addition	
  to	
  these	
  ancillary	
  roles,	
  

structural	
   scans	
   can	
   themselves	
   be	
   used	
   to	
   investigate	
   the	
   brain’s	
   plasticity.	
   It	
   is	
  

known	
  that	
  the	
  structure	
  of	
  the	
  brain	
  changes	
  naturally	
  with	
  age	
  (Good	
  et	
  al.,	
  2001),	
  

but	
   recent	
   evidence	
   shows	
   that	
   external	
   influences	
   such	
   as	
   learning	
   or	
   chronic	
  

disease	
   can	
   also	
   induce	
   structural	
   changes	
   on	
   a	
   much	
   shortened	
   timescale	
  

(Driemeyer,	
  Boyke,	
  Gaser,	
  Büchel,	
  &	
  May,	
   2008;	
  May	
  et	
   al.,	
   2007).	
   Cross-­‐sectional	
  

and	
   longitudinal	
   analyses	
   can	
   be	
   performed	
   on	
   structural	
   images	
   to	
   probe	
   these	
  

modifications.	
   Here,	
   we	
   focus	
   on	
   one	
   particular	
   technique,	
   voxel-­‐based	
  

morphometry	
   (VBM),	
  which	
   is	
   used	
   to	
   compare	
   local	
   gray	
  matter	
   concentrations	
  

between	
   groups.	
   VBM	
  has	
   been	
   applied	
   to	
   study	
   structural	
   changes	
   induced	
   by	
   a	
  

variety	
   of	
   influences,	
   such	
   as	
   learning,	
   epilepsy,	
   autism,	
   dementia,	
   back	
   pain,	
   and	
  

stroke	
  (Bandettini,	
  2009).	
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3.2.2 METHODS	
  

	
   VBM	
  was	
   first	
   introduced	
   in	
   1995,	
  when	
  Wright	
   and	
   colleagues	
   pioneered	
  

the	
  technique	
  in	
  a	
  study	
  of	
  schizophrenia	
  (Wright	
  et	
  al.,	
  1995).	
  In	
  2000,	
  Ashburner	
  

and	
   Friston	
   published	
   a	
   clear	
   set	
   of	
   methods	
   for	
   performing	
   VBM	
   analysis	
  

(Ashburner	
  &	
   Friston,	
   2000),	
  which	
   further	
   increased	
   its	
   popularity	
   and	
   the	
   ease	
  

with	
   which	
   the	
   technique	
   could	
   be	
   implemented.	
   Good	
   and	
   colleagues	
   then	
  

optimised	
  this	
  process	
  in	
  2001	
  (Good	
  et	
  al.,	
  2001).	
  In	
  brief,	
  T1-­‐weighted	
  MR	
  images	
  

are	
   spatially	
   normalized	
   and	
   registered	
   into	
   the	
   same	
   stereotactic	
   space	
   using	
   a	
  

high	
   resolution	
   standardized	
   image.	
  This	
   alignment	
   is	
  performed,	
  not	
   to	
  precisely	
  

match	
   every	
   cortical	
   feature	
   between	
   the	
   brains,	
   but	
   to	
   correct	
   for	
   global	
  

differences	
   in	
   brain	
   shape	
   and	
   volume.	
   The	
   images	
   are	
   then	
   segmented	
   into	
   gray	
  

matter,	
   white	
   matter,	
   and	
   non-­‐brain	
   tissue	
   (i.e.,	
   CSF	
   and	
   skull).	
   The	
   gray	
   matter	
  

images	
  are	
  then	
  smoothed	
  with	
  an	
  isotropic	
  Gaussian	
  kernel,	
  which	
  produces	
  voxels	
  

whose	
   intensities	
   are	
   the	
   average	
   of	
   their	
   original	
   value	
   along	
   with	
   those	
   of	
  

surrounding	
   voxels.	
   To	
   adjust	
   for	
   changes	
   in	
   volume	
   due	
   to	
   registration,	
   these	
  

values	
  are	
  then	
  modulated	
  by	
  the	
  Jacobian	
  warpfield.	
  Statistical	
  analysis	
  is	
  then	
  run	
  

using	
  a	
  general	
  linear	
  model	
  (GLM,	
  see	
  Section	
  3.3.4).	
  Finally,	
  voxel-­‐wise	
  parametric	
  

statistics	
  are	
  performed	
  to	
  compare	
  the	
  gray	
  matter	
  concentration	
  between	
  groups.	
  

	
   Because	
  minor	
  modifications	
  in	
  the	
  variables	
  used	
  during	
  each	
  of	
  these	
  steps	
  

could	
  possibly	
  have	
  a	
  dramatic	
   effect	
  on	
   the	
   final	
   results,	
   care	
   should	
  be	
   taken	
   to	
  

specifically	
  report	
  the	
  parameters	
  chosen	
  (Ridgway	
  et	
  al.,	
  2008).	
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3.2.3 LIMITATIONS	
  

	
   While	
  VBM	
  is	
  a	
  robust	
  technique	
  with	
  a	
  diverse	
  range	
  of	
  applications,	
  there	
  

are	
   limitations	
   that	
   arise,	
   both	
   in	
   the	
   analysis	
   and	
   interpretation	
   of	
   results.	
  

Currently,	
  how	
  differences	
   in	
  MRI	
  signal	
   intensity	
  affect	
  VBM-­‐derived	
  measures	
  of	
  

gray	
   matter	
   concentration	
   has	
   not	
   been	
   fully	
   elucidated	
   (Bandettini,	
   2009).	
  

Moreover,	
   if	
   any	
   of	
   the	
   processing	
   steps	
   (e.g.,	
   registration,	
   segmentation)	
   have	
  

yielded	
  inaccurate	
  outputs,	
  it	
  is	
  possible	
  that	
  the	
  documented	
  changes	
  will	
  not	
  only	
  

reflect	
  differences	
   in	
  gray	
  matter,	
  but	
  of	
  white	
  matter	
  and	
  CSF	
  as	
  well	
   (Bookstein,	
  

2001).	
  Another	
  potential	
  confound	
  is	
  that	
  variations	
  in	
  gyrification	
  patterns	
  may	
  be	
  

confused	
   with	
   true	
   differences	
   in	
   gray	
   matter	
   concentration,	
   thus	
   distorting	
   the	
  

VBM	
   results.	
   This	
   problem	
   can	
   be	
   partially	
   mitigated	
   by	
   using	
   cortical	
   thickness	
  

measurements	
   in	
   tandem	
   (Hutton,	
   Draganski,	
   Ashburner,	
   &	
   Weiskopf,	
   2009).	
  

Additionally,	
   it	
   is	
   difficult	
   to	
   discern	
   the	
   actual	
   mechanisms	
   underlying	
   any	
  

structural	
   changes	
   one	
   might	
   find,	
   though	
   it	
   has	
   been	
   posited	
   that	
   such	
   plastic	
  

changes	
  may	
   reflect	
   dendritic	
   spine	
   growth	
   and	
   axonal	
   remodelling	
   (Draganski	
  &	
  

May,	
  2008;	
  Johansen-­‐Berg,	
  2007).	
  This	
  is	
  not	
  a	
  limitation	
  of	
  VBM	
  in	
  particular,	
  but	
  

of	
  neuroimaging	
  results	
  in	
  general.	
  	
  

	
  

3.3 FUNCTIONAL	
  MRI	
  

	
   Functional	
  MRI	
   (fMRI)	
   is	
   used	
   to	
   acquire	
   images	
   of	
   the	
  brain	
  while	
   at	
   rest	
  

and	
  during	
  periods	
  of	
  activity.	
  It	
  depends	
  on	
  T2*	
  contrast,	
  an	
  effect	
  that	
  is	
  enhanced	
  

by	
  the	
  Blood	
  Oxygen	
  Level	
  Dependent	
  (BOLD)	
  signal.	
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3.3.1 THE	
  BOLD	
  SIGNAL	
  

	
   Haemoglobin	
  is	
  an	
  iron	
  containing	
  molecule	
  that	
  transports	
  oxygen	
  through	
  

the	
   blood.	
   The	
   presence	
   of	
   iron	
  within	
   haemoglobin	
   gives	
   the	
  molecule	
  magnetic	
  

properties.	
  However,	
  when	
  oxygen	
  is	
  bound	
  to	
  haemoglobin	
  (oxyhaemoglobin),	
  the	
  

magnetic	
   properties	
   are	
   suppressed.	
   When	
   oxygen	
   is	
   not	
   bound	
  

(deoxyhaemoglobin),	
  the	
  iron	
  creates	
  a	
  magnetic	
  field	
  around	
  haemoglobin,	
  which	
  

increases	
  T2*	
  decay	
   in	
  the	
  surrounding	
  tissue,	
  resulting	
   in	
  diminished	
  signal	
   from	
  

these	
   areas.	
   The	
   BOLD	
   signal	
   is	
   based	
   on	
   the	
   difference	
   in	
   oxygen	
   consumption	
  

between	
  brain	
  areas	
  that	
  are	
  active	
  and	
  those	
  that	
  are	
  at	
  rest.	
  

	
   The	
   brain	
   utilizes	
   oxygen	
   to	
   meet	
   its	
   energy	
   demands	
   and	
   perform	
   its	
  

activities	
  of	
  normal	
  daily	
  functioning.	
  During	
  periods	
  of	
  activity,	
  metabolic	
  demands	
  

are	
  heightened,	
  and	
  thus	
  the	
  need	
  for	
  oxygen	
  rises.	
  To	
  accommodate	
  this	
  increased	
  

demand,	
  a	
  surplus	
  of	
  blood	
  is	
  sent	
  to	
  the	
  active	
  cortex,	
  leading	
  to	
  a	
  relative	
  decrease	
  

in	
   deoxyhaemoglobin,	
   although	
   total	
   oxygen	
   consumption	
   has	
   increased.	
   The	
  

decrease	
   in	
   the	
   deoxyhaemoglobin:oxyhaemoglobin	
   ratio	
   lessens	
   the	
   magnetic	
  

properties	
  from	
  the	
  blood,	
  causing	
  decreased	
  T2*	
  decay	
  and	
  increased	
  signal.	
  Figure	
  

3.5	
  illustrates	
  the	
  timecourse	
  of	
  the	
  BOLD	
  response.	
  Note	
  the	
  several	
  second	
  delay	
  

between	
  the	
  increased	
  neuronal	
  activity	
  and	
  the	
  resulting	
  increased	
  BOLD	
  signal.	
  

	
  	
  



	
   98	
  

	
  
Figure	
  3.5:	
  BOLD	
  Response.	
  A	
  stable,	
  positive	
  BOLD	
  signal	
  is	
  achieved	
  4-­‐6	
  seconds	
  after	
  
initiation	
  of	
  neuronal	
  activity.	
  Figure	
  adapted	
  from	
  digitalmediatree.com	
  
	
  

3.3.2 ECHO	
  PLANAR	
  IMAGING	
  

	
   Because	
   the	
  BOLD	
  signal	
   is	
   fairly	
   transient—on	
  the	
  order	
  of	
  seconds,	
  rapid	
  

sequences	
  are	
  needed	
  to	
  capture	
  the	
  effect.	
  One	
  such	
  acquisition	
  technique	
  is	
  Echo	
  

Planar	
   Imaging	
   (EPI).	
   EPI	
   sequences	
   are	
   able	
   to	
   image	
   the	
   whole	
   brain	
   within	
  

seconds,	
   allowing	
   for	
   meaningful	
   comparisons	
   between	
   brain	
   regions	
   during	
  

periods	
  of	
  activity	
  and	
  rest.	
  To	
  exploit	
  T2*	
  effects,	
  EPI	
  sequences	
  tend	
  to	
  use	
  a	
  long	
  

TE	
  and	
  a	
  short	
  TR	
  of	
  2-­‐3	
  seconds.	
   	
  As	
  a	
  consequence	
  of	
   this	
  rapid	
  acquisition,	
  EPI	
  

suffers	
  from	
  a	
  variety	
  of	
  imaging	
  artefacts,	
  such	
  as	
  ghosting	
  and	
  signal	
  dropout.	
  EPI	
  

also	
  requires	
  a	
  relatively	
  large	
  voxel	
  size:	
  typically	
  2-­‐5mm	
  compared	
  to	
  the	
  1mm	
  of	
  

structural	
   scans.	
   These	
   and	
   other	
   limitations	
   of	
   EPI	
   contribute	
   to	
   the	
   overall	
  

limitations	
  of	
  fMRI,	
  discussed	
  further	
  in	
  Section	
  3.3.4	
  

	
  

3.3.3 IMAGE	
  ANALYSIS	
  

	
   Because	
  of	
  the	
  artefacts	
  inherent	
  in	
  MR	
  imaging,	
  and	
  the	
  additional	
  artefacts	
  

introduced	
  by	
  EPI	
   sequences,	
   fMRI	
  data	
  must	
  be	
  processed	
  prior	
   to	
  analysis.	
  This	
  

section	
   provides	
   a	
   brief	
   overview	
   of	
   the	
   preprocessing	
   steps	
   performed	
   on	
   fMRI	
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images,	
   and	
   outlines	
   the	
   subsequent	
   statistical	
   pipeline	
   used	
   to	
   determine	
  

significant	
  voxels.	
  Though	
  multiple	
  image	
  analysis	
  software	
  tools	
  exist,	
  this	
  and	
  all	
  

following	
  sections	
  focus	
  on	
  the	
  tools	
  contained	
  within	
  the	
  FMRIB	
  Software	
  Library	
  

(FSL),	
   the	
   package	
   of	
   programs	
   used	
   to	
   analyze	
   the	
   imaging	
   data	
   in	
   this	
   thesis	
  

(www.fmrib.ox.ac.uk/fsl).	
  

	
  

3.3.3.1 Preprocessing	
  

	
   The	
   reconstructed	
  4-­‐D	
   fMRI	
  data	
   sets	
   (where	
   the	
  dimensions	
   are	
   x,y,z	
   and	
  

time)	
   are	
   preprocessed	
   within	
   the	
   FMRI	
   Expert	
   Analysis	
   Tool	
   (FEAT).	
   Motion	
  

correction	
   is	
   performed	
   using	
   MCFLIRT	
   (Jenkinson,	
   Bannister,	
   Brady,	
   &	
   Smith,	
  

2002).	
   This	
   uses	
   FMRIB’s	
   Linear	
   Registration	
   Tool	
   (FLIRT)	
   to	
   align	
   all	
   of	
   the	
  

volumes	
   in	
   the	
   timeseries	
   to	
   the	
   first	
   image,	
   compensating	
   for	
  motion	
   caused	
   by	
  

physiological	
   factors	
   (e.g.,	
   breathing)	
   as	
   well	
   as	
   mild	
   head	
   movements.	
   B0	
  

unwarping,	
  performed	
  by	
  FUGUE,	
  uses	
   fieldmaps	
   to	
   rectify	
   the	
  distortions	
   caused	
  

by	
  magnetic	
  field	
  inhomogeneities.	
  Slice	
  timing	
  correction	
  adjusts	
  the	
  timeseries	
  for	
  

the	
   individual	
   slices	
   within	
   each	
   brain	
   volume,	
   yielding	
   the	
   appearance	
   of	
   an	
  

instantaneous	
   acquisition.	
   A	
   brain	
   extraction	
   tool	
   (BET)	
   is	
   used	
   to	
   separate	
   the	
  

brain	
  from	
  the	
  skull	
  and	
  other	
  non-­‐brain	
  tissue,	
  so	
  that	
  analyses	
  are	
  performed	
  only	
  

on	
  the	
  brain.	
  Spatial	
  smoothing	
  of	
  the	
  data	
  uses	
  a	
  Gaussian	
  kernel	
  to	
  average	
  out	
  the	
  

noise	
  within	
  a	
  signal,	
  increasing	
  the	
  SNR.	
  This	
  step	
  also	
  ensures	
  that	
  the	
  signal	
  has	
  a	
  

Gaussian	
   spatial	
   distribution,	
   crucial	
   to	
   the	
   statistical	
   analysis	
   performed	
   later	
  

(Section	
   3.3.3.3).	
   In	
   addition	
   to	
   spatial	
   smoothing,	
   temporal	
   smoothing	
   is	
   also	
  

performed.	
   High	
   pass	
   temporal	
   filtering	
   removes	
   low	
   frequency	
   artefact,	
   such	
   as	
  

that	
  due	
  to	
  slow	
  drift	
  caused	
  by	
  temperature	
  changes	
  in	
  the	
  scanner.	
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   Following	
   these	
   preprocessing	
   steps,	
   the	
   fMRI	
   data	
   is	
   analysed	
   for	
   each	
  

individual	
   (first	
   level)	
   and	
   for	
   the	
   group	
   as	
   a	
   whole	
   (higher	
   level).	
   First	
   level	
  

analysis	
   is	
   performed	
   using	
   FMRIB’s	
   Improved	
   Linear	
   Model	
   (FILM),	
   and	
   higher	
  

level	
  statistics	
  performed	
  using	
  FMRIB’s	
  Local	
  Analysis	
  of	
  Mixed	
  Effects	
  (FLAME).	
  

	
  

3.3.3.2 The	
  General	
  Linear	
  Model	
  (GLM)	
   	
  

	
   The	
  task-­‐based	
  activation	
  paradigms	
  used	
  in	
  Chapters	
  6	
  and	
  7	
  were	
  based	
  on	
  

a	
  blocked	
  (“box	
  car”)	
  design,	
  consisting	
  of	
  alternating	
  30	
  second	
  rest	
  conditions	
  and	
  

30	
   second	
   active	
   conditions.	
   This	
   basic	
   design	
   is	
   then	
   convolved	
   with	
   a	
  

haemodynamic	
   response	
   function	
   (HRF)	
   to	
   allow	
   for	
   the	
   temporal	
   lag	
   between	
  

neuronal	
   activity	
   and	
   the	
   ensuing	
   vascular	
   response.	
   FILM	
   follows	
   a	
   univariate	
  

approach	
   to	
   determine	
   the	
   extent	
   to	
  which	
   the	
  BOLD	
   signal	
   from	
   each	
   individual	
  

voxel	
  resembles	
  the	
  task	
  design.	
  This	
  is	
  done	
  following	
  the	
  approach	
  of	
  the	
  general	
  

linear	
  model	
  (GLM):	
  

y	
  =	
  βx	
  +	
  e	
  

where	
   y	
   is	
   the	
   timecourse	
   from	
   the	
   voxel,	
   x	
   represents	
   the	
   model	
   (i.e.,	
   the	
  

explanatory	
   variable—EV),	
   β	
   is	
   the	
   parameter	
   estimate	
   (the	
   height	
   of	
   the	
   signal	
  

from	
  that	
  voxel,	
  which	
  reflects	
  how	
  well	
   the	
  data	
   is	
  explained	
  by	
  the	
  EV),	
  and	
  e	
   is	
  

the	
   remaining	
  error.	
  To	
  determine	
  how	
  activation	
  differs	
  between	
   two	
  conditions	
  

(EV1	
   and	
   EV2,	
   e.g.,	
   active	
   and	
   rest),	
   the	
   parameter	
   estimate	
   of	
   EV2	
   is	
   subtracted	
  

from	
  the	
  parameter	
  estimate	
  of	
  EV1,	
  and	
  the	
  result	
  is	
  divided	
  by	
  the	
  standard	
  error	
  

of	
   this	
   new	
   estimate.	
   Such	
   values	
   are	
   referred	
   to	
   as	
   contrasts	
   of	
   parameter	
  

estimates	
  (COPEs).	
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3.3.3.3 Single-­Subject	
  Statistics	
  

	
   Once	
  the	
  parameter	
  estimates	
  for	
  each	
  voxel	
  have	
  been	
  calculated,	
  it	
  is	
  then	
  

necessary	
  to	
  determine	
  which	
  of	
  these	
  voxels	
  represent	
  significant	
  activation.	
  This	
  

can	
  be	
  accomplished	
  by	
  thresholding	
  the	
  image	
  at	
  a	
  probabilistic	
  level.	
  As	
  a	
  result	
  of	
  

the	
  GLM,	
  each	
  voxel	
  has	
  a	
  probability	
  associated	
  with	
  it	
  (a	
  p-­‐value)	
  that	
  can	
  be	
  used	
  

for	
  thresholding	
  purposes.	
  However,	
  thresholding	
  at	
  a	
  standard	
  level	
  of	
  significance,	
  

e.g.,	
   p<0.05,	
  would	
   be	
   inadequate	
   due	
   to	
   the	
   large	
   number	
   of	
   voxels	
   in	
   the	
   brain	
  

which	
  necessitates	
  multiple	
  comparisons	
  correction.	
  Conventional	
  methods,	
  such	
  as	
  

the	
  Bonferroni	
  correction	
  in	
  which	
  the	
  p-­‐value	
  threshold	
  is	
  divided	
  by	
  the	
  number	
  

of	
  tests	
  (i.e.,	
  voxels	
  in	
  the	
  brain),	
  would	
  be	
  too	
  stringent,	
  as	
  the	
  voxels	
  in	
  the	
  brain	
  

are	
  not	
   independent	
  of	
  each	
  other	
   (due	
   to	
  natural	
  physiological	
   factors	
  as	
  well	
   as	
  

external	
  factors	
  such	
  as	
  spatial	
  smoothing).	
  

	
   Statistical	
   thresholding	
   can	
   also	
   be	
   performed	
   by	
   using	
   Gaussian	
   random	
  

field	
   theory.	
   In	
   Gaussian	
   random	
   field	
   theory,	
   the	
   smoothness	
   of	
   the	
   image	
   is	
  

estimated	
   from	
   the	
   data,	
   and	
   this	
   information	
   is	
   used	
   to	
   calculate	
   the	
   number	
   of	
  

independent	
   resolution	
   elements,	
   or	
   ‘resels’.	
   The	
   number	
   or	
   resels	
  will	
   always	
   be	
  

smaller	
  than	
  the	
  number	
  of	
  voxels.	
  This	
  smaller	
  number	
  is	
  then	
  used	
  to	
  correct	
  for	
  

multiple	
   comparisons.	
   An	
   additional	
   thresholding	
   method	
   employing	
   Gaussian	
  

random	
  field	
   theory,	
  and	
   the	
  approach	
  used	
   in	
   this	
   thesis,	
   is	
   to	
  detect	
   statistically	
  

significant	
  groups	
  of	
  activated	
  voxels	
  (“clusters”),	
  rather	
  than	
  individual	
  voxels.	
  This	
  

cluster-­‐based	
  approach	
  may	
  better	
   reflect	
   the	
  physiological	
   response,	
  as	
  activated	
  

regions	
   can	
   typically	
   be	
   expected	
   to	
   span	
   more	
   than	
   a	
   single	
   voxel.	
   To	
   perform	
  

cluster-­‐based	
   thresholding,	
   the	
   statistical	
   map	
   is	
   thresholded	
   at	
   a	
   manually	
  

specified	
  value	
   (typically	
   around	
  Z=2.3).	
  The	
   surviving	
   clusters	
  of	
   voxels	
   are	
   then	
  

assigned	
  a	
  p-­‐value	
  according	
  to	
  the	
  size	
  of	
  the	
  cluster	
  and	
  the	
  initial	
  threshold.	
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3.3.3.4 Multi-­Subject	
  Statistics	
  

	
   Following	
  first-­‐level	
  statistics,	
  and	
  before	
  any	
  multi-­‐subject	
  or	
  multi-­‐session	
  

analyses	
   can	
   be	
   performed,	
   individual	
   data	
   sets	
   must	
   be	
   aligned	
   to	
   a	
   standard	
  

template	
   (in	
   this	
   thesis,	
   the	
  Montreal	
   Neurological	
   Institute	
   (MNI)	
   152	
   brain).	
   In	
  

Chapter	
   4,	
   this	
   is	
   performed	
   using	
   a	
   combination	
   of	
   FMRIB’s	
   Linear	
   Image	
  

Registration	
  Tool	
  (FLIRT)	
  and	
  FMRIB’s	
  Nonlinear	
  Image	
  Registration	
  Tool	
  (FNIRT).	
  

Chapters	
   6	
   and	
   7	
   also	
   use	
   boundary	
   based	
   registration	
   (BBR),	
   (Greve	
   &	
   Fischl,	
  

2009),	
  a	
  process	
  which	
  utilises	
  image	
  contrast	
  across	
  tissue	
  boundaries.	
  Registering	
  

each	
  EPI	
  dataset	
  to	
  standard	
  space	
  is	
  performed	
  in	
  three	
  general	
  steps.	
  First,	
  the	
  EPI	
  

images	
  are	
  registered	
   to	
  subject’s	
  T1-­‐weighted	
  structural	
   image.	
  The	
  T1-­‐weighted	
  

structural	
  image	
  is	
  then	
  registered	
  to	
  the	
  standard	
  image,	
  also	
  T1-­‐weighted.	
  Finally,	
  

these	
  two	
  transformations	
  are	
  combined	
  and	
  used	
  to	
  register	
  the	
  EPI	
  image	
  to	
  the	
  

standard	
  image.	
  This	
  final	
  step	
  also	
  transforms	
  the	
  statistical	
  maps	
  generated	
  in	
  the	
  

first	
  level	
  analysis	
  into	
  standard	
  space,	
  to	
  be	
  used	
  in	
  later	
  higher	
  level	
  analysis.	
  

	
   Higher	
   level	
  modelling	
  uses	
  variance	
  estimation	
   to	
  assess	
  group	
  activation,	
  

and	
   can	
   be	
   performed	
   with	
   either	
   fixed	
   effects	
   (FE)	
   or	
   mixed	
   effects	
   (ME).	
   FE	
  

modelling	
   ignores	
   between-­‐subject	
   and	
   between-­‐session	
   variance,	
   and	
   thus	
  

inferences	
   drawn	
   from	
   the	
   results	
   are	
   applicable	
   only	
   to	
   the	
   sample	
   studied.	
  ME	
  

modelling	
  does	
  include	
  between-­‐subject	
  and	
  between-­‐session	
  variance,	
  allowing	
  for	
  

inferences	
   about	
   the	
  wider	
   population.	
   This	
   thesis	
   employed	
  ME	
  modelling	
   using	
  

FLAME.	
   ME	
   variance	
   is	
   the	
   sum	
   of	
   FE	
   variance	
   (single	
   subject,	
   single	
   session	
  

variance	
   calculated	
   at	
   the	
   first	
   level)	
   and	
   random	
   effects	
   (RE)	
   variance	
   (cross-­‐

sectional	
  variance).	
  By	
  combining	
  measures	
  of	
  intra-­‐subject	
  variance	
  with	
  measures	
  

of	
  between-­‐subject	
  variance,	
  FLAME	
  estimates	
  the	
  higher	
  level	
  parameter	
  estimates	
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(essentially	
  group	
  mean	
  activations)	
  and	
  the	
  mixed	
  effects	
  variance	
  separately	
   for	
  

each	
   group.	
   Finally,	
   statistical	
   thresholding	
   similar	
   to	
   that	
   described	
   in	
   Section	
  

3.3.3.3	
  is	
  performed.	
  	
  

	
  

3.3.4 LIMITATIONS	
  

	
   As	
  mentioned	
  earlier,	
  EPI	
  sequencing	
  is	
  accompanied	
  by	
  various	
  limitations,	
  

including	
   signal	
  dropout	
  and	
   larger	
  voxel	
   size	
   (see	
  Section	
  3.3.2).	
   In	
  addition	
   to	
  a	
  

diminished	
  spatial	
  resolution,	
  the	
  temporal	
  resolution	
  of	
  fMRI	
  is	
  also	
  limited.	
  This	
  is	
  

partially	
  due	
   to	
   the	
   temporal	
  delay	
   in	
   the	
  haemodynamic	
   response.	
  As	
   the	
  HRF	
   is	
  

normally	
   convolved	
  with	
   the	
  model,	
   the	
   temporal	
   lag	
   itself	
   is	
   not	
   a	
   problem.	
   The	
  

issue	
  occurs	
  due	
  to	
  the	
  variability	
  in	
  the	
  lag	
  between	
  individuals	
  (Aguirre,	
  Zarahn,	
  &	
  

D'esposito,	
   1998)	
   and	
   in	
   disease	
   states,	
   including	
   stroke	
   (Pineiro,	
   Pendlebury,	
  

Johansen-­‐Berg,	
  &	
  Matthews,	
  2002).	
  The	
  HRF	
  models	
  the	
  behaviour	
  of	
  blood	
  flow	
  in	
  

response	
   to	
   neuronal	
   activity,	
   but	
   it	
   is	
   worth	
   noting	
   that	
   the	
   degree	
   to	
   which	
  

increased	
  blood	
  flow	
  as	
  a	
  result	
  of	
  heightened	
  metabolic	
  demand	
  accurately	
  reflects	
  

neuronal	
  activity	
  is	
  still	
  debated	
  (Logothetis,	
  2002).	
  

	
   In	
   addition	
   to	
   limitations	
   stemming	
   from	
   the	
   physical	
   basis	
   of	
   fMRI,	
  

difficulties	
  may	
  arise	
  from	
  the	
  analysis	
  methods	
  as	
  well.	
  In	
  particular,	
  fMRI	
  is	
  highly	
  

sensitive	
  to	
  head	
  motion,	
  particularly	
  that	
  which	
  is	
  correlated	
  with	
  the	
  model	
  (e.g.,	
  

movement	
   at	
   the	
   beginning	
   of	
   a	
   task	
   block).	
   This	
   is	
   a	
   particular	
   concern	
   when	
  

imaging	
  stroke	
  patients	
  who	
  may	
  lack	
  fine,	
   independent	
  motor	
  control.	
  Both	
  gross	
  

movements	
   and	
   smaller	
   head	
   movements	
   may	
   be	
   removed	
   using	
   independent	
  

component	
  analysis	
  (ICA),	
  discussed	
  further	
  in	
  Section	
  3.3.5.3.	
  In	
  performing	
  higher	
  

level	
  modelling,	
   group	
   analysis	
   relies	
   strongly	
   on	
   the	
   integrity	
   of	
   the	
   registration	
  

process.	
   In	
   particular,	
   for	
   activation	
   to	
   be	
   significant,	
   it	
   must	
   be	
   spatially	
   co-­‐



	
   104	
  

localized	
   across	
   subjects,	
   both	
   anatomically	
   and	
   when	
   the	
   statistical	
   maps	
   are	
  

transformed	
  into	
  standard	
  space.	
  

	
  

3.3.5 MODEL-­FREE	
  ANALYSIS	
  

	
   In	
   addition	
   to	
   using	
   a	
  model	
   to	
   compare	
   activity	
   changes	
   between	
   two	
   or	
  

more	
  conditions,	
  fMRI	
  data	
  can	
  also	
  be	
  used	
  to	
  investigate	
  BOLD	
  activity	
  in	
  a	
  model-­‐

free	
  manner.	
  This	
   is	
  generally	
  performed	
  on	
  data	
  acquired	
   from	
  the	
  resting	
  brain,	
  

that	
  is,	
  when	
  the	
  scan	
  was	
  administered	
  in	
  the	
  absence	
  of	
  a	
  task.	
  First	
  established	
  by	
  

Biswal	
   and	
   colleagues	
   in	
   1995,	
   resting	
   state	
   imaging	
   examines	
   low	
   frequency	
  

fluctuations	
   (generally	
   <0.1	
   Hz)	
   of	
   the	
   BOLD	
   signal	
   (Biswal,	
   Yetkin,	
   Haughton,	
   &	
  

Hyde,	
   1995).	
   Temporally	
   correlated	
   fluctuations	
   between	
   regions	
   are	
   thought	
   to	
  

reflect	
   underlying	
   functional	
   connectivity.	
   A	
   variety	
   of	
   methods	
   have	
   been	
  

employed	
  to	
  gain	
  meaningful	
  insights	
  into	
  resting	
  state	
  activity,	
  including	
  region	
  of	
  

interest	
   approaches,	
   seed-­‐based	
   correlations,	
   whole-­‐brain	
   analysis,	
   and	
   more	
  

recently,	
  graph	
   theory	
   (see	
   (Margulies	
  et	
  al.,	
  2010)	
   for	
  a	
   review).	
  This	
   thesis	
  uses	
  

Independent	
  Component	
  Analysis	
  (ICA)	
  to	
  probe	
  resting	
  state	
  activity,	
  a	
  technique	
  

whose	
  methods	
  and	
  applications	
  are	
  discussed	
  further	
  in	
  the	
  following	
  sections.	
  

	
  

3.3.5.1 Independent	
  Component	
  Analysis	
  (ICA)	
  

	
   The	
   ICA	
  process	
   does	
   not	
   require	
  a	
  priori	
   definition	
   of	
   spatial	
   or	
   temporal	
  

inputs,	
   and	
   thus	
   is	
   a	
   model-­‐free	
   method.	
   ICA	
   parcellates	
   patterns	
   of	
   activation	
  

across	
  the	
  brain,	
  producing	
  as	
  its	
  output	
  independent	
  spatial	
  component	
  maps	
  and	
  

their	
  timeseries	
  (Beckmann,	
  DeLuca,	
  Devlin,	
  &	
  Smith,	
  2005).	
  In	
  this	
  thesis,	
  ICA	
  has	
  

been	
  used	
  in	
  two	
  separate	
  ways:	
  to	
  generate	
  resting	
  state	
  networks,	
  and	
  to	
  remove	
  

artefacts	
  from	
  task	
  fMRI	
  data.	
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3.3.5.2 Resting	
  fMRI	
  	
  

	
   To	
   generate	
   resting	
   state	
   networks	
   (RSN)	
   via	
   ICA,	
   the	
   Multivariate	
  

Exploratory	
   Linear	
   Optimized	
   Decomposition	
   into	
   Independent	
   Components	
  

(Melodic)	
   tool	
  was	
  used	
   (Beckmann	
  &	
  Smith,	
  2004).	
  Following	
  preprocessing	
  and	
  

registration	
   as	
   detailed	
   in	
   sections	
   3.3.3.1	
   and	
   3.3.3.4,	
   the	
   fMRI	
   datasets	
   are	
  

analysed	
  using	
  a	
  multi-­‐session	
  temporal	
  concatenation	
  approach.	
  The	
  images	
  from	
  

all	
   subjects	
   are	
   combined	
   into	
   a	
   single	
   2D	
   time	
   x	
   space	
  data	
  matrix,	
   in	
  which	
   the	
  

subjects’	
   data	
   sets	
   are	
   “stacked”	
   on	
   top	
  of	
   one	
   another	
   (Figure	
  3.6).	
  Melodic	
   then	
  

decomposes	
   this	
  matrix	
   into	
   its	
   component	
   spatial	
  maps	
   and	
   their	
   corresponding	
  

timecourses.	
  The	
  number	
  of	
  components	
  can	
  be	
  automatically	
  estimated	
  by	
  Melodic,	
  

or	
  constrained	
  by	
  user-­‐defined	
  input.	
  

	
  

	
  
Figure	
  3.6:	
  Schematic	
  illustrating	
  the	
  pipeline	
  for	
  multi-­‐session	
  temporal	
  concatenation	
  
analysis	
  within	
  Melodic.	
  Figure	
  from	
  www.fmrib.ox.ac.uk/fsl	
  
	
  

	
   After	
  the	
  components	
  are	
  created	
  from	
  the	
  group	
  data,	
  the	
  components	
  need	
  

to	
  be	
  identified	
  from	
  each	
  individual’s	
  dataset.	
  To	
  accomplish	
  this,	
  a	
  dual	
  regression	
  

can	
   be	
   performed	
   (Filippini	
   et	
   al.,	
   2009).	
   For	
   each	
   subject,	
   the	
   group-­‐ICA	
   spatial	
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maps	
   are	
   used	
   as	
   a	
   spatial	
   regressor	
   in	
   separate	
   GLM	
   analyses	
   to	
   extract	
   a	
  

timeseries	
  of	
   the	
  BOLD	
  signal	
   from	
  the	
  EPI	
  data.	
  This	
   timeseries	
   is	
   then	
  used	
  as	
  a	
  

temporal	
  regressor	
  in	
  a	
  second	
  GLM	
  to	
  create	
  the	
  subject-­‐specific	
  spatial	
  maps	
  for	
  

each	
  component.	
  The	
  resulting	
  spatial	
  maps	
   for	
  each	
  component	
  are	
   then	
  merged	
  

into	
  a	
  single	
  4D	
  file	
  containing	
  all	
  subjects,	
  which	
  can	
  then	
  be	
  used	
  to	
  perform	
  group	
  

statistics	
  as	
  described	
  above.	
  

	
   Some	
  of	
  the	
  components	
  identified	
  by	
  the	
  group-­‐ICA	
  will	
  be	
  those	
  caused	
  by	
  

artefacts	
   (e.g.,	
   head	
   motion),	
   while	
   others	
   may	
   represent	
   resting	
   state	
   networks	
  

(RSN).	
  Resting	
  state	
  networks	
  are	
  patterns	
  of	
  functional	
  connectivity	
  that	
  have	
  been	
  

found	
   to	
   correspond	
   to	
   various	
   cognitive	
   and	
   sensory	
   domains	
   (Beckmann	
   et	
   al.,	
  

2005).	
  Figure	
  3.7	
  shows	
  eight	
  of	
  the	
  most	
  widely	
  reported	
  RSNs.	
  	
  

	
  
Figure	
  3.7:	
   Image	
  of	
   the	
  eight	
  established	
  resting	
  state	
  networks.	
   (a)	
  medial	
  visual	
   (b)	
  
lateral	
  visual	
  (c)	
  auditory	
  (d)	
  motor	
  (e)	
  default	
  mode	
  (f)	
  executive	
  control	
  (g)	
  right	
  dorsal	
  
visual	
  stream	
  (h)	
  left	
  dorsal	
  visual	
  stream.	
  Figure	
  from	
  Beckmann	
  et	
  al.,	
  2005.	
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RSNs	
  have	
  been	
  identified	
  as	
  robust	
  across	
  individuals	
  and	
  imaging	
  modalities	
  (De	
  

Luca,	
  Beckmann,	
  De	
  Stefano,	
  Matthews,	
  &	
  Smith,	
  2006),	
  and	
  both	
  behaviourally	
  and	
  

clinically	
   relevant	
   (Rosazza	
  &	
  Minati,	
  2011).	
  An	
   important,	
   and	
  as	
  yet	
  unresolved,	
  

question	
   is	
   what	
   the	
   low-­‐frequency	
   fluctuations	
   that	
   support	
   these	
   networks	
  

actually	
   represent.	
   One	
   current	
   hypothesis	
   is	
   that	
   they	
   are	
   a	
   combination	
   of	
  

conscious	
   activity	
   and	
   prior	
   memory	
   traces	
   that	
   support	
   subsequent	
   behaviour	
  

(Buckner,	
  2010).	
  

	
  

3.3.5.3 Task	
  fMRI	
  

	
   While	
  much	
  of	
  the	
  interest	
   in	
  ICA	
  has	
  focused	
  on	
  resting	
  state	
   imaging,	
   ICA	
  

can	
   also	
   be	
   useful	
   in	
   task	
   fMRI	
   analysis	
   to	
   identify	
   both	
   task-­‐related	
   activity	
   and	
  

artefactual	
   structured	
  noise.	
   In	
   this	
   thesis	
   ICA	
  has	
  been	
  used	
  with	
   task	
   fMRI	
  data	
  

purely	
  to	
  denoise	
  the	
  data	
  prior	
  to	
  model-­‐based	
  analysis	
  of	
  task-­‐related	
  signals.	
  	
  For	
  

ICA-­‐based	
  denoising,	
  rather	
  than	
  performing	
  a	
  multi-­‐session	
  ICA	
  as	
  described	
  above,	
  

a	
  single-­‐session	
  ICA	
  is	
  run	
  on	
  each	
   individual	
  4-­‐D	
  dataset.	
  Visual	
   inspection	
  of	
   the	
  

ICA	
  output	
  can	
  then	
  identify	
  components	
  that	
  are	
  primarily	
  artefactual	
  (Figure	
  3.8).	
  

Such	
  components	
  can	
  be	
  identified	
  based	
  on	
  their	
  spatial	
  distribution	
  (e.g.,	
  ringing	
  

around	
   the	
   brain,	
   activation	
   of	
   an	
   entire	
   brain	
   slice,	
   streaking),	
   timeseries	
   (e.g.,	
  

sudden,	
   transient	
   activation	
   indicative	
   of	
   rapid	
   head	
   movement),	
   or	
   power	
  

spectrum	
   (e.g.,	
   frequencies	
   lying	
   outside	
   the	
   range	
   of	
   biologically	
   plausible	
   BOLD	
  

fluctuations).	
   These	
   components	
   can	
   then	
   be	
   removed	
   from	
   the	
   image	
   prior	
   to	
  

performing	
  any	
  statistical	
  analysis,	
  resulting	
  in	
  a	
  cleaner	
  dataset.	
  Such	
  “denoising”	
  

is	
   of	
   particular	
   use	
   in	
   Chapters	
   6	
   and	
   7,	
   when	
   imaging	
   the	
   stroke	
   population.	
  

However,	
  overzealous	
  denoising	
  runs	
  the	
  risk	
  of	
  eliminating	
  true	
  activation,	
  so	
  the	
  

removal	
  of	
  components	
  should	
  be	
  kept	
  to	
  a	
  minimum	
  as	
  much	
  as	
  possible.	
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Figure	
   3.8:	
   Example	
  of	
  artefactual	
  activation	
   identified	
  by	
  Melodic.	
  Here,	
  activation	
   is	
  
primarily	
   confined	
   to	
   the	
   ventricles	
   (note	
   that	
   the	
   dark	
   area	
   on	
   the	
   left	
   is	
   the	
   stroke	
  
infarct).	
   Both	
   the	
   timeseries	
   and	
   powerspectrum	
   are	
   biologically	
   implausible:	
   the	
  
timeseries	
  is	
  too	
  rapid;	
  the	
  powerpectrum	
  is	
  too	
  high.	
  
	
  

3.4 DIFFUSION	
  MRI	
  

	
   Diffusion	
  MRI	
   is	
   an	
   imaging	
   technique	
  used	
   in	
   conjunction	
  with	
  our	
   stroke	
  

patients	
   in	
   Chapter	
   7	
   of	
   this	
   thesis.	
   It	
   is	
   used	
   to	
  measure	
   global	
   diffusion	
   values	
  

across	
  the	
  whole	
  brain,	
  as	
  well	
  as	
  to	
  probe	
  the	
  structural	
  integrity	
  of	
  specific	
  white	
  

matter	
  pathways.	
  

	
  

3.4.1 OVERVIEW	
  

	
   Diffusion-­‐weighted	
  MRI	
  is	
  based	
  on	
  the	
  movement	
  of	
  water	
  molecules	
  within	
  

the	
   brain,	
   which	
   can	
   either	
   be	
   freely	
   moving	
   or	
   restricted.	
   Freely	
   moving	
   water	
  

molecules	
   are	
   equally	
   likely	
   to	
  move	
   in	
   any	
   direction,	
   called	
   isotropic	
  movement.	
  

This	
   is	
   the	
   primary	
   type	
   of	
   movement	
   present	
   in	
   cerebrospinal	
   fluid,	
   and	
   also	
  

predominates	
   in	
   gray	
   matter	
   (at	
   conventional	
   imaging	
   resolution).	
   Isotropic	
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movement	
   contrasts	
   with	
   anisotropic	
   movement	
   in	
   which	
   molecular	
   motion	
   is	
  

restricted	
  in	
  one	
  direction.	
  This	
  occurs	
  when	
  normal	
  random	
  motion	
  is	
  constrained	
  

by	
  physical	
  barriers,	
  such	
  as	
  cell	
  walls.	
  Movement	
  within	
  healthy	
  axons	
  is	
  primarily	
  

anisotropic,	
   with	
   movement	
   progressing	
   parallel	
   to	
   the	
   axon	
   and	
   perpendicular	
  

movement	
  being	
  restricted.	
  	
  

	
  

3.4.2 DIFFUSION-­WEIGHTING	
  

	
   The	
   apparent	
   diffusion	
   coefficient	
   (ADC)	
   models	
   the	
   net	
   displacement	
   of	
  

molecules	
   due	
   to	
   their	
   diffusion.	
   On	
   an	
   ADC	
   map,	
   areas	
   of	
   free	
   diffusion	
   appear	
  

bright,	
   while	
   areas	
   of	
   restricted	
   diffusion	
   are	
   dark.	
   Diffusion-­‐weighted	
   MR	
  

sequences	
  are	
  designed	
  to	
  capture	
  differences	
  in	
  ADC	
  by	
  applying	
  strong	
  gradients	
  

on	
  either	
  side	
  of	
  the	
  180°	
  RF	
  pulse.	
  These	
  gradients	
  are	
  introduced	
  along	
  the	
  axis	
  in	
  

which	
  the	
  ADC	
  is	
  being	
  measured.	
  In	
  this	
  thesis,	
  60	
  different	
  directions	
  are	
  used	
  to	
  

allow	
   for	
   probabilistic	
   modelling	
   of	
   diffusion	
   properties	
   (see	
   Section	
   3.4.4).	
   The	
  

phase	
  of	
  molecules	
  with	
  stationary	
  spins	
  (i.e.,	
  a	
  low	
  ADC)	
  will	
  be	
  unaffected	
  by	
  the	
  

gradients	
  yielding	
  a	
  high	
  signal,	
  whereas	
  moving	
  spins	
  (i.e.,	
  a	
  high	
  ADC)	
  will	
  acquire	
  

a	
  phase	
  change	
  that	
  results	
  in	
  a	
  low	
  signal.	
  

	
   As	
   explained	
   in	
   Section	
   3.1.2.3,	
   extrinsic	
   factors	
   ultimately	
   control	
   the	
  

weighting	
  of	
  an	
  image.	
  The	
  strength	
  of	
  the	
  gradients	
  determines	
  the	
  signal	
  intensity	
  

of	
  the	
  diffusion-­‐weighted	
  image,	
  the	
  amplitude	
  of	
  which	
  is	
  modulated	
  by	
  the	
  b-­‐value.	
  

A	
  sequence	
  with	
  a	
   long	
  TR	
  and	
  TE,	
  and	
  a	
  b-­‐value	
  of	
  0	
  will	
  produce	
  a	
  T2-­‐weighted	
  

image.	
  However,	
   if	
   the	
  b-­‐value	
   is	
   increased	
   to	
  between	
  500	
  and	
  1000	
   s/mm2,	
   the	
  

resulting	
   image	
  will	
  be	
  diffusion-­‐weighted.	
  Areas	
  with	
  a	
   low	
  ADC	
  will	
  have	
  a	
  high	
  

signal.	
   That	
   is,	
   tissue	
   in	
   which	
   movement	
   is	
   restricted	
   and	
   thus	
   anisotropic	
   will	
  

appear	
  bright	
  on	
  a	
  raw	
  diffusion-­‐weighted	
  image,	
  and	
  vice-­‐versa.	
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3.4.3 DIFFUSION	
  TENSOR	
  IMAGING	
  

	
   Following	
   reconstruction	
   of	
   the	
   raw	
   diffusion-­‐weighted	
   data	
   from	
   the	
  

scanner,	
   images	
   are	
   analysed	
   using	
   programs	
   from	
   FMRIB’s	
   Diffusion	
   Toolbox	
  

(FDT).	
   Preprocessing	
   is	
   performed	
   to	
   correct	
   for	
   subject	
   motion	
   and	
   distortions	
  

caused	
  by	
  eddy	
  currents.	
  DTIfit	
  is	
  then	
  run	
  on	
  these	
  images	
  to	
  fit	
  a	
  diffusion	
  tensor	
  

model	
   to	
   each	
   voxel,	
   which	
   gives	
   at	
   its	
   output	
   multiple	
   variables	
   describing	
  

molecular	
   movement	
   at	
   the	
   voxel	
   level.	
   Fractional	
   anisotropy	
   (FA)	
  measures	
   the	
  

degree	
   to	
   which	
   molecular	
   diffusion	
   is	
   anisotropic,	
   and	
   assumes	
   values	
   from	
   0	
  

(freely	
   diffusing)	
   to	
   1	
   (diffusion	
   along	
   one	
   direction	
   only).	
   Intermediate	
   values	
  

reflect	
  more	
  moderate	
  degrees	
  of	
  directional	
  preference.	
  

	
   In	
  addition	
  to	
  producing	
  values	
  reflecting	
  anisotropy,	
  FDT	
  also	
  calculates	
  the	
  

preferred	
   diffusion	
   direction	
   in	
   each	
   voxel,	
   using	
   as	
   its	
   template	
   the	
   3	
   axes	
   of	
   an	
  

ellipsoid.	
   The	
   long	
   axis	
   of	
   the	
   ellipsoid	
   is	
   the	
   principal	
   diffusion	
   direction;	
   the	
  

remaining	
   2	
   shorter	
   axes	
   describe	
   its	
   width	
   and	
   depth.	
   These	
   three	
   axes	
   can	
   be	
  

modelled	
  mathematically	
  as	
  eigenvectors	
  (V),	
  with	
  their	
  associated	
  eigenvalues	
  (λ)	
  

representing	
   the	
   strength	
  of	
  diffusion	
  along	
   that	
  direction.	
  The	
  principal	
  diffusion	
  

direction	
  (V1)	
  is	
  the	
  direction	
  of	
  the	
  longest	
  eigenvector.	
  In	
  addition	
  to	
  the	
  principal	
  

diffusion	
   direction,	
   FDT	
   also	
   generates	
   maps	
   showing	
   the	
   secondary	
   (V2)	
   and	
  

tertiary	
   (V3)	
   diffusion	
   directions.	
   The	
   mean	
   diffusivity	
   (MD)	
   within	
   a	
   voxel	
   is	
  

calculated	
  by	
  averaging	
  the	
  voxel’s	
  3	
  eigenvalues	
  (λ1,	
  λ2,	
  λ3).	
  Statistical	
  processing	
  

and	
   analysis	
   of	
   FA,	
   eigenvalues,	
   and	
   MD	
   can	
   then	
   performed	
   using	
   Tract-­‐Based	
  

Spatial	
  Statistics	
  (TBSS)	
  (Smith	
  et	
  al.,	
  2006).	
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3.4.4 PROBABILISTIC	
  TRACTOGRAPHY	
  

	
   FDT	
  can	
  also	
  be	
  used	
   to	
   fit	
   a	
  probabilistic	
  model	
  of	
  diffusion	
  at	
   each	
  voxel	
  

and	
   this	
   can	
   then	
  be	
  used	
   to	
  estimate	
  white	
  matter	
   connectivity	
  within	
   the	
  brain.	
  

Voxel-­‐wise	
   probabilistic	
   modelling	
   of	
   diffusion	
   properties	
   is	
   done	
   with	
   Bayesian	
  

Estimation	
  of	
  Diffusion	
  Parameters	
  Obtained	
  using	
  Sampling	
  Techniques	
  (bedpostx)	
  

and	
   probabilistic	
   tractography	
   is	
   then	
   performed	
   on	
   the	
   resulting	
   outputs	
   using	
  

probtrackx	
   (Behrens,	
   Johansen-­‐Berg,	
   Jbabdi,	
   Rushworth,	
   &	
   Woolrich,	
   2007).	
  

Bedpostx	
   models	
   the	
   local	
   diffusion	
   within	
   each	
   voxel,	
   including	
   those	
   which	
  

contain	
   multiple	
   fibre	
   orientations.	
   It	
   produces	
   as	
   its	
   output	
   estimates	
   of	
   the	
  

diffusion	
  directions	
  present,	
  along	
  with	
  probability	
  distributions	
  on	
  those	
  estimates.	
  

As	
  used	
  in	
  this	
  thesis,	
  probtrackx	
  delineates	
  the	
  pathways	
  originating	
  in	
  one	
  user-­‐

specified	
  seed	
  region	
  and	
  terminating	
   in	
  a	
  user-­‐specified	
  target	
  region.	
  Each	
  voxel	
  

within	
  the	
  seed	
  mask	
  is	
  used	
  as	
  a	
  starting	
  point	
  for	
  a	
  probabilistic	
  streamline,	
  which	
  

proceeds	
  to	
  the	
  target	
  by	
  sampling	
  from	
  the	
  distribution	
  of	
  directions	
  in	
  each	
  voxel	
  

that	
  it	
  encounters.	
  Initiating	
  multiple	
  streamlines	
  from	
  each	
  seed	
  voxels	
  produces	
  a	
  

connectivity	
  distribution	
  for	
  each	
  voxel	
  within	
  the	
  seed.	
  The	
  distributions	
  from	
  all	
  

seed	
   voxels	
   are	
   summed	
   to	
   produce	
   the	
   a	
   global	
   connectivity	
   distribution	
  

representing	
  the	
  connectivity	
  from	
  seed	
  to	
  target.	
  

	
  

3.5 SPECIAL	
  CONSIDERATIONS	
  

3.5.1 PATIENT	
  POPULATIONS	
  

	
   The	
  MRI	
   study	
   contained	
   in	
   Chapters	
   6	
   and	
   7	
   was	
   performed	
   on	
   patients	
  

with	
  cortical	
  and	
  subcortical	
  lesions	
  due	
  to	
  stroke.	
  Imaging	
  this	
  population	
  presents	
  

unique	
  challenges,	
  both	
  during	
   the	
  scanning	
  session	
  and	
  when	
  analysing	
   the	
  data.	
  

Patients	
  with	
  diminished	
  motor	
  control	
  may	
  move	
  more	
  during	
   image	
  acquisition,	
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resulting	
   in	
   increased	
   artefacts	
   that	
   must	
   be	
   corrected	
   or	
   accounted	
   for	
   during	
  

initial	
  data	
  processing.	
  All	
  patients	
   in	
  our	
  study	
  exhibited	
  motor	
  deficits,	
  although	
  

the	
  degree	
  of	
  this	
  impairment	
  varied	
  widely	
  across	
  subjects.	
  As	
  our	
  experiment	
  was	
  

primarily	
   concerned	
   with	
   changes	
   in	
   motor	
   performance,	
   it	
   was	
   important	
   to	
  

consider	
   this	
   diverse	
   range	
   of	
   movement	
   abilities	
   when	
   planning	
   the	
   task	
   fMRI	
  

paradigm.	
   Thus,	
   rather	
   than	
   using	
   patient-­‐initiated,	
   voluntary	
   movements	
   as	
   the	
  

task,	
   the	
   affected	
   limb	
   was	
   moved	
   by	
   the	
   researcher.	
   While	
   this	
   compromise	
  

allowed	
   for	
   the	
   inclusion	
   of	
   patients	
   with	
  more	
   severe	
   levels	
   of	
   impairment,	
   the	
  

conclusions	
   drawn	
   on	
   externally	
   versus	
   internally	
   mediated	
   movements	
   are	
   not	
  

identical.	
  

	
   Moreover,	
   the	
   presence	
   of	
   stroke-­‐induced	
   lesions	
   presents	
   an	
   additional	
  

challenge,	
  as	
  lesion	
  location	
  varied	
  across	
  participants.	
  One	
  method	
  to	
  compensate	
  

for	
   these	
   spatially-­‐varying	
   lesions	
   is	
   to	
   mask	
   out	
   the	
   lesion	
   of	
   each	
   individual,	
  

performing	
   statistics	
   only	
   on	
   intact	
   tissue	
   within	
   each	
   patient.	
   Lesions	
   which	
  

impinge	
  on	
  white	
  matter	
  tracts	
  increase	
  the	
  difficulty	
  of	
  interpreting	
  DTI	
  analyses,	
  

particularly	
  when	
  performing	
  tractography.	
  

	
  

3.5.2 LONGITUDINAL	
  DESIGNS	
  

	
   The	
   stroke	
   study	
   employed	
   a	
   longitudinal	
   experimental	
   design	
   in	
   which	
  

patients	
   were	
   scanned	
   at	
   multiple	
   timepoints	
   before	
   and	
   after	
   the	
   intervention.	
  

Compared	
   to	
   cross-­‐sectional	
   designs,	
   longitudinal	
   designs	
   tend	
   to	
   have	
   increased	
  

power.	
   This	
   is	
   because	
   longitudinal	
   studies	
   collect	
   multiple	
   within-­‐subject	
  

datapoints,	
  the	
  variability	
  of	
  which	
  is	
  likely	
  much	
  smaller	
  than	
  the	
  between-­‐subject	
  

variability	
   (Skup,	
  2010).	
  However,	
   longitudinal	
  designs	
   also	
   carry	
   the	
  potential	
   of	
  

additional	
  confounds.	
  As	
  patients	
  are	
  seen	
  over	
  a	
  period	
  of	
  several	
  months,	
  external	
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factors	
  can	
  change	
  over	
  the	
  course	
  of	
  the	
  study,	
  influencing	
  the	
  experimental	
  results.	
  

These	
   may	
   be	
   variables	
   related	
   to	
   the	
   scanner	
   itself,	
   such	
   as	
   drift	
   or	
   hardware	
  

malfunctions,	
   or	
   variables	
   related	
   to	
   the	
   patients.	
   In	
   particular,	
   it	
   is	
   important	
   to	
  

ensure	
   that	
   patients	
   do	
   not	
   begin	
   any	
   new	
   therapies	
   within	
   the	
   experimental	
  

timeframe	
  that	
  may	
  affect	
  both	
  imaging	
  and	
  behavioural	
  outcomes	
  (e.g.,	
  additional	
  

physiotherapy,	
  Botox	
  injections).	
  However,	
  the	
  randomised	
  controlled	
  design	
  of	
  the	
  

study	
  presented	
  here	
   should	
  mitigate	
   the	
  possibility	
  of	
   such	
  confounds	
  producing	
  

spurious	
  results.	
  An	
  additional	
  concern	
  with	
  longitudinal	
  imaging	
  of	
  patients	
  is	
  the	
  

spontaneous	
  resolution	
  or	
  worsening	
  of	
  pathology.	
  Because	
  we	
  are	
  imaging	
  stroke	
  

patients	
   who	
   are	
   well	
   into	
   the	
   chronic	
   recovery	
   phase	
   of	
   their	
   impairment,	
   we	
  

would	
  not	
  expect	
  any	
  significant	
  spontaneous	
  changes	
  to	
  occur	
  over	
  the	
  course	
  of	
  

the	
  study.	
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Chapter	
  4: The	
   Effect	
   of	
   tDCS	
   to	
   Primary	
   Motor	
  
Cortex	
  on	
  Resting	
  State	
  Activity	
  

	
   The	
   overarching	
   aim	
   of	
   this	
   thesis	
   is	
   to	
   investigate	
   how	
   tDCS	
   alters	
   the	
  

underlying	
   substrates	
   engaged	
   in	
   performance	
   of	
  motor	
   behavior	
   and	
   learning.	
   The	
  

imaging	
   correlates	
   of	
   tDCS-­induced	
   modifications	
   in	
   brain	
   activity	
   are	
   fairly	
   well	
  

documented	
   during	
   task	
   performance,	
   but	
   have	
   only	
   recently	
   been	
   studied	
   in	
   the	
  

resting	
  brain.	
  Examining	
   resting	
  activity	
  affords	
   the	
  opportunity	
   to	
  understand	
  how	
  

tDCS	
  modifies	
  intrinsic	
  connectivity	
  within	
  the	
  brain,	
  which	
  may	
  in	
  turn	
  influence	
  the	
  

processing	
  of	
  motor	
  tasks.	
  This	
  first	
  experiment	
  explores	
  how	
  tDCS	
  affects	
  resting	
  state	
  

activity	
  on	
  a	
  global,	
  yet	
  network-­specific,	
  level.	
  

	
  

4.1 INTRODUCTION	
  

	
   Transcranial	
   direct	
   current	
   stimulation	
   has	
   found	
   therapeutic	
   use	
   in	
   the	
  

treatment	
  of	
  a	
  variety	
  of	
  motor	
  disorders	
  (Fregni	
  &	
  Pascual-­‐Leone,	
  2007),	
  yet	
  our	
  

understanding	
   of	
   how	
   tDCS	
   affects	
   basic	
   brain	
   function	
   is	
   still	
   incomplete.	
   In	
   the	
  

resting	
   brain,	
   it	
   has	
   been	
   shown	
   that	
   tDCS	
   applied	
   to	
   M1	
   affects	
   the	
   subsequent	
  

physiology	
   (Nitsche	
   &	
   Paulus,	
   2000)	
   and	
   neurotransmitter	
   profile	
   (Stagg	
   et	
   al.,	
  

2009a)	
  of	
  M1.	
  However,	
  the	
  ability	
  of	
  tDCS	
  to	
  modify	
  large	
  scale	
  networks	
  beyond	
  

M1	
  is	
  yet	
  to	
  be	
  firmly	
  established	
  in	
  the	
  resting	
  brain.	
  Task	
  fMRI	
  has	
  revealed	
  that	
  

tDCS	
  alters	
  task-­based	
  activity	
  across	
  the	
  sensorimotor	
  network	
  (Stagg,	
  2009b),	
  but	
  

it	
  is	
  difficult	
  to	
  disentangle	
  the	
  effects	
  of	
  tDCS	
  from	
  the	
  effects	
  of	
  task	
  performance	
  

itself.	
  That	
  is,	
  because	
  anodal	
  tDCS	
  generally	
  improves	
  behaviour,	
  and	
  cathodal	
  tDCS	
  

often	
   worsens	
   behaviour	
   (Nitsche	
   et	
   al.,	
   2003;	
   Stagg	
   et	
   al.,	
   2011),	
   it	
   is	
   unclear	
  

whether	
   the	
   modifications	
   in	
   activation	
   patterns	
   are	
   caused	
   purely	
   by	
   tDCS	
  

application,	
  or	
  by	
  the	
  differing	
  levels	
  of	
  motor	
  performance.	
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   One	
  way	
  to	
  examine	
  the	
  effects	
  of	
  tDCS	
  on	
  functional	
  networks	
  without	
  the	
  

potentially	
   confounding	
   effects	
   of	
   the	
   task	
   is	
   to	
   employ	
   resting	
   state	
   imaging.	
  

Resting	
   fMRI	
   has	
   yielded	
   behaviourally	
   and	
   clinically	
   relevant	
   insights	
   into	
  

functional	
  brain	
  networks	
  (Rosazza	
  &	
  Minati,	
  2011).	
  A	
  variety	
  of	
  imaging	
  methods	
  

and	
  modalities	
  can	
  be	
  used	
  to	
  investigate	
  changes	
  in	
  the	
  functional	
  connectivity	
  and	
  

organization	
  of	
  the	
  resting	
  brain	
  (Margulies	
  et	
  al.,	
  2010),	
  such	
  as	
  those	
  that	
  occur	
  in	
  

response	
   to	
   tDCS.	
   For	
   example,	
   region-­‐of-­‐interest	
   approaches	
   have	
   revealed	
  

changes	
   that	
   occur	
   within	
   predefined,	
   specific	
   brain	
   areas	
   following	
   tDCS	
   to	
   M1,	
  

including	
   reorganization	
  within	
  M1	
   (Polanía	
   et	
   al.,	
   2012),	
   secondary	
  motor	
   areas	
  

(Antal	
  et	
  al.,	
  2011),	
  and	
  subcortical	
  structures	
  (Polanía	
  et	
  al.,	
  2011a).	
  Similar	
  seed-­‐

based	
  studies	
  use	
  a	
  predefined	
  model—such	
  as	
  changes	
  in	
  activity	
  found	
  within	
  M1,	
  

to	
  identify	
  additional	
  regions	
  that	
  exhibit	
  an	
  analogous	
  pattern	
  of	
  change	
  (Alon	
  et	
  al.,	
  

2011).	
   Whole	
   brain	
   analyses	
   have	
   been	
   employed	
   to	
   extract	
   global	
   changes	
   in	
  

resting	
   state	
   activity,	
   via	
   fluctuations	
   in	
   regional	
   cerebral	
   blood	
   flow	
   (Lang	
   et	
   al.,	
  

2005),	
  or	
  changes	
  in	
  nodal	
  connectivity	
  as	
  elucidated	
  by	
  graph	
  theory	
  (Polanía	
  et	
  al.,	
  

2011b).	
  

	
   The	
  present	
  experiment	
  builds	
  upon	
  these	
  results	
  by	
  examining	
  resting	
  state	
  

activity	
   using	
   both	
   ROI-­‐based	
   correlation	
   approaches	
   to	
   assess	
   interhemispheric	
  

interactions	
  within	
  the	
  motor	
  system,	
  and	
  Independent	
  Component	
  Analysis	
  (ICA)	
  

(Beckmann	
  et	
  al.,	
  2005)	
  to	
  explore	
  functional	
  connectivity	
  changes	
  across	
  the	
  whole	
  

brain.	
  ICA	
  is	
  a	
  model-­‐free	
  method	
  that	
  parcellates	
  patterns	
  of	
  activation	
  across	
  the	
  

brain,	
  producing	
  as	
  its	
  output	
  networks	
  representing	
  various	
  cognitive	
  and	
  sensory	
  

domains.	
   Thus,	
   it	
   capitalizes	
   on	
   the	
   advantages	
   of	
   both	
   ROI	
   and	
   whole	
   brain	
  

analyses,	
  while	
  eliminating	
  some	
  of	
  their	
  shortcomings.	
  Like	
  ROI-­‐based	
  analysis,	
  the	
  

identified	
  resting	
  state	
  networks	
  (RSN)	
  are	
  functionally	
  distinct;	
  unlike	
  ROI	
  or	
  seed-­‐
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based	
   analyses,	
   the	
   ICA	
  method	
   does	
   not	
   require	
   a	
   priori	
   definition	
   of	
   spatial	
   or	
  

temporal	
  components.	
  ICA	
  is	
  a	
  whole-­‐brain	
  analysis	
  technique,	
  but	
  one	
  that	
  affords	
  

the	
  opportunity	
   to	
  draw	
   conclusions	
  on	
   intrinsic	
   brain	
  networks—such	
   as	
  motor,	
  

executive	
  control,	
  or	
   the	
  default	
  mode,	
   rather	
   than	
  distinct	
  areas	
  of	
   the	
  brain	
   that	
  

may	
  not	
  be	
  functionally	
  connected	
  (van	
  den	
  Heuvel	
  &	
  Hulshoff	
  Pol,	
  2010).	
  

	
   Previously,	
   ICA	
   has	
   been	
   used	
   to	
   examine	
   how	
   tDCS	
   to	
   the	
   DLPFC	
   affects	
  

resting	
  state	
  fMRI	
  networks	
  (Keeser	
  et	
  al.,	
  2011;	
  Peña-­‐Gómez	
  et	
  al.,	
  2011).	
  However,	
  

to	
  date,	
  there	
  have	
  been	
  no	
  studies	
  using	
  ICA	
  to	
  examine	
  the	
  effects	
  of	
  tDCS	
  to	
  M1	
  

on	
   such	
  networks.	
  An	
  MEG	
   study	
  by	
  Venkatakrishnan	
   and	
   colleagues	
  used	
   ICA	
   to	
  

investigate	
  the	
  effects	
  of	
  tDCS	
  	
  to	
  M1	
  on	
  resting	
  state	
  MEG	
  activity,	
  but	
  did	
  not	
  look	
  

within	
  any	
  of	
  the	
  ‘canonical’	
  networks,	
  and	
  found	
  no	
  difference	
  between	
  anodal	
  and	
  

cathodal	
   stimulation	
   (Venkatakrishnan	
   et	
   al.,	
   2011).	
   This	
   difference	
   in	
   approach	
  

may	
   partially	
   be	
   explained	
   by	
   the	
   fact	
   that	
   resting	
   state	
   networks	
   are	
   more	
  

thoroughly	
  characterized	
  for	
  BOLD	
  fMRI,	
  and	
  have	
  only	
  recently	
  been	
  correlated	
  to	
  

networks	
  found	
  with	
  MEG	
  (Brookes	
  et	
  al.,	
  2011).	
  

	
   The	
   present	
   study	
   assessed	
   how	
   anodal	
   and	
   cathodal	
   tDCS	
   to	
   M1	
   modify	
  

resting	
   state	
   functional	
   connectivity	
   between	
   motor	
   areas	
   and	
   across	
   the	
   whole	
  

brain.	
  Given	
  the	
  interconnected	
  nature	
  of	
  motor	
  cortical	
  regions,	
  and	
  the	
  ability	
  of	
  

anodal	
   and	
   cathodal	
   tDCS	
   to	
   increase	
   and	
   decrease	
   neuronal	
   excitability,	
  

respectively,	
  we	
  hypothesized	
  that	
  anodal	
  tDCS	
  to	
  M1	
  would	
  result	
  in	
  concomitant	
  

increases	
  of	
  activity	
  across	
  the	
  motor	
  network,	
  while	
  cathodal	
  tDCS	
  would	
  have	
  the	
  

opposite	
  effect,	
  decreasing	
  motor	
  network	
  strength.	
  	
  

	
  



	
   120	
  

	
  
4.2 METHODS	
  

4.2.1 OVERVIEW	
  

	
   Data	
  was	
  collected	
  by	
  other	
  members	
  of	
  the	
  research	
  group	
  in	
  2009.	
  	
  During	
  

each	
   of	
   the	
   three	
   sessions,	
   participants	
   received	
   either	
   anodal,	
   cathodal,	
   or	
   sham	
  

tDCS	
  in	
  the	
  scanner.	
  Prior	
  to	
  and	
  following	
  tDCS,	
  ten	
  minutes	
  of	
  resting	
  state	
  fMRI	
  

data	
  was	
   acquired,	
   during	
  which	
   time	
   subjects	
  were	
   instructed	
   to	
   relax	
   and	
   keep	
  

their	
  eyes	
  closed.	
  During	
   the	
   sham	
  tDCS	
  session,	
   subjects	
  also	
  performed	
  a	
  motor	
  

task	
  following	
  the	
  final	
  resting	
  state	
  scan.	
  The	
  order	
  of	
  the	
  sessions	
  was	
  randomly	
  

determined	
   for	
  each	
  subject,	
   and	
  counterbalanced	
  across	
   the	
  group.	
  Experimental	
  

sessions	
  were	
   separated	
  by	
  at	
   least	
  48	
  hours	
  and	
   real	
   tDCS	
   sessions	
  by	
  at	
   least	
  1	
  

week.	
  	
  Subjects	
  were	
  blind	
  to	
  the	
  type	
  of	
  stimulation	
  they	
  received	
  in	
  any	
  session.	
  

	
  

4.2.2 SUBJECTS	
  

	
   Eleven	
  healthy,	
  right-­‐handed	
  subjects	
  (age	
  21-­‐24,	
  mean	
  age	
  22.9,	
  7	
   female)	
  

participated	
  in	
  this	
  study,	
  in	
  accordance	
  with	
  local	
  ethics	
  committee	
  approval.	
  	
  Due	
  

to	
  personal	
  reasons,	
  one	
  subject	
  completed	
  the	
  cathodal	
  and	
  sham,	
  but	
  not	
  anodal,	
  

sessions.	
  

	
  

4.2.3 TDCS	
  ADMINISTRATION	
  

	
   Prior	
  to	
  entering	
  the	
  scanner,	
  tDCS	
  electrodes	
  were	
  fitted	
  to	
  the	
  participant’s	
  

scalp.	
  The	
  stimulating	
  electrode	
  was	
  centred	
  over	
  the	
  dominant	
  (left)	
  motor	
  cortex,	
  

as	
  measured	
  to	
  be	
  5	
  cm	
  lateral	
  and	
  2	
  cm	
  anterior	
  to	
  Cz.	
  The	
  reference	
  electrode	
  was	
  

placed	
  over	
   the	
   right	
   supraorbital	
   ridge.	
  Both	
  electrodes	
  were	
  affixed	
   to	
   the	
  scalp	
  

using	
   high	
   chloride	
   EEG	
   paste	
   as	
   a	
   conducting	
   medium	
   (Eldith,	
   Germany).	
   The	
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electrodes	
   were	
   secured	
   to	
   the	
   head	
   using	
   rubber	
   straps.	
   To	
   ensure	
   that	
   the	
  

electrodes	
  did	
  not	
  move	
  while	
  subjects	
  lay	
  in	
  the	
  scanner,	
  a	
  snugly	
  fitting	
  swimming	
  

cap	
  was	
  worn.	
  The	
  subjects	
  were	
  then	
  positioned	
  in	
  the	
  scanner,	
  ensuring	
  that	
  the	
  

electrode	
  wires	
  contained	
  no	
  loops	
  and	
  ran	
  parallel	
  to	
  the	
  body	
  without	
  touching	
  it.	
  

To	
   administer	
   anodal	
   and	
   cathodal	
   tDCS,	
   a	
   DC	
   stimulator	
   (Magstim	
   Eldith,	
  

Germany)	
   gradually	
   generated	
  a	
  1	
  mA	
  current	
  over	
  10	
   seconds.	
  This	
   current	
  was	
  

administered	
  for	
  10	
  minutes,	
  after	
  which	
  time	
  it	
  was	
  slowly	
  ramped	
  down	
  over	
  10	
  

seconds.	
  During	
  the	
  sham	
  condition,	
  after	
  the	
  initial	
  10	
  second	
  ramp	
  up	
  period,	
  the	
  

DC	
  stimulator	
  was	
  turned	
  off.	
  

	
  

4.2.4 BEHAVIORAL	
  TASK	
  

	
   Upon	
   conclusion	
   of	
   the	
   sham	
   stimulation	
   session,	
   subjects	
   performed	
   a	
  

sequence	
  learning	
  task	
  while	
  EPI	
  data	
  were	
  acquired.	
  This	
  served	
  as	
  a	
  localizer	
  for	
  

motor	
   activation,	
   which	
   was	
   ultimately	
   used	
   to	
   define	
   functional	
   ROIs	
   of	
   motor	
  

areas	
  (see	
  below).	
  Subjects	
  held	
  a	
  button-­‐box	
  in	
  their	
  right	
  hand,	
  and	
  Presentation	
  

(Neurobehavioral	
  Systems)	
  was	
  used	
  to	
  display	
  four	
  horizontal	
  bars,	
  each	
  of	
  which	
  

corresponded	
  to	
  a	
  button	
  on	
  the	
  button-­‐box.	
  The	
  subjects	
  were	
  told	
  that	
  when	
  a	
  bar	
  

changed	
  into	
  an	
  asterisk,	
  they	
  were	
  to	
  press	
  the	
  corresponding	
  button	
  as	
  quickly	
  as	
  

possible.	
  They	
  were	
  also	
  informed	
  that	
  these	
  button	
  presses	
  would	
  form	
  a	
  sequence	
  

that	
  was	
  10	
  cues	
  long,	
  and	
  that	
  they	
  should	
  try	
  to	
  learn	
  the	
  sequence.	
  

	
   	
  

4.2.5 IMAGE	
  ACQUISITION	
  

	
   All	
   scans	
  were	
  acquired	
  on	
  a	
  3T	
  Varian	
  Scanner.	
   In	
  brief,	
   two	
   resting	
   state	
  

scans	
  and	
  a	
   field	
  map	
  were	
  acquired	
  for	
  each	
  session.	
   	
  One	
  T1-­‐weighted	
  scan	
  was	
  

also	
  acquired	
  for	
  registration	
  purposes.	
  T1-­‐weighted	
  axial	
  anatomical	
  images	
  were	
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acquired	
   for	
  each	
  subject	
  using	
  a	
  3D	
  Turbo	
  Flash	
   sequence	
   (TR=13ms,	
  TE=4.9ms,	
  

flip	
   angle=8,	
   FOV=256x256).	
  Axial	
   echo-­‐planar	
   volumes	
  were	
   acquired	
  during	
   the	
  

resting	
   state	
   scans	
   using	
   a	
   4	
   channel	
   head	
   coil	
   (TR=3000ms,	
   TE=28ms,	
  

FOV=192x192).	
  During	
  the	
  sham	
  session,	
  an	
  additional	
  axial	
  echo-­‐planar	
  scan	
  was	
  

acquired	
  while	
   the	
  subject	
  performed	
  the	
  behavioural	
   task	
  described	
  above,	
  using	
  

the	
  same	
  sequence	
  parameters.	
  	
  

	
  

4.2.6 IMAGE	
  ANALYSIS	
  

	
   PREPROCESSING.	
   All	
   image	
   analysis	
   steps	
   were	
   performed	
   using	
   tools	
  

from	
  the	
  FMRIB	
  Software	
  Library	
  (FSL,	
  www.fmrib.ox.ac.uk/fsl).	
  Prior	
  to	
  beginning	
  

statistical	
   analysis	
   on	
   the	
   resting	
   state	
   scans,	
   the	
   following	
   preprocessing	
   steps	
  

were	
   taken:	
   Motion	
   correction	
   using	
   MCFLIRT	
   (Jenkinson	
   et	
   al.,	
   2002);	
   	
   B0	
  

unwarping	
  with	
  fieldmaps	
  using	
  FUGUE;	
  spatial	
  smoothing	
  with	
  a	
  Gaussian	
  kernel	
  

of	
  5mm;	
  and	
  highpass	
   temporal	
   filtering	
  at	
  150	
  seconds	
   to	
  remove	
   low	
   frequency	
  

artefacts.	
   Registration	
   to	
   individual	
   T1-­‐weighted	
   structural	
   images	
   and	
   standard	
  

MNI	
  space	
  was	
  performed	
  using	
  FLIRT	
  and	
  FNIRT.	
  	
  

	
  

	
   ROI-­‐BASED	
  ANALYSIS	
   First,	
   anatomical	
   ROIs	
   were	
   defined	
   on	
   a	
   standard-­‐

space	
  brain	
  as	
  previously	
  for	
  the	
  primary	
  motor	
  cortex	
  (M1),	
  hand	
  area	
  of	
  the	
  M1,	
  

PMC	
  and	
  SMA	
  as	
  follows:	
  

	
  -­‐Primary	
  motor	
  cortex	
  (M1):	
  Lateral	
  and	
  medial	
  half	
  of	
   the	
  anterior	
  bank	
  of	
  

the	
  central	
  sulcus,	
  extending	
  from	
  the	
  dorsal	
  surface	
  of	
  the	
  lateral	
  ventricles	
  

to	
  the	
  top	
  of	
  the	
  brain.	
  

	
  -­Hand	
  area	
  of	
  M1:	
  The	
  knob	
  of	
  the	
  precentral	
  gyrus,	
  posterior	
  to	
  the	
  junction	
  

of	
  the	
  superior	
  frontal	
  sulcus	
  with	
  the	
  precentral	
  sulcus.	
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  -­Premotor	
   cortex	
   (PMC):	
  Precentral	
   gyrus	
   and	
   precentral	
   sulcus,	
   extending	
  

from	
  the	
  dorsal	
  surface	
  of	
  the	
  lateral	
  ventricles	
  to	
  the	
  top	
  of	
  the	
  brain.	
  

	
  -­Supplementary	
  motor	
  area	
  (SMA):	
  The	
  medial	
  surface	
  of	
  the	
  brain	
  above	
  the	
  

cingulate	
   sulcus	
   posterior	
   to	
   the	
   vertical	
   plane	
   above	
   the	
   anterior	
  

commissure	
  (VCA	
  line)	
  and	
  anterior	
  to	
  the	
  vertical	
  plane	
  above	
  the	
  posterior	
  

commissure	
  (VCP	
  line).	
  

	
  

Then,	
  functionally	
  defined	
  motor	
  regions	
  of	
  interest	
  were	
  created	
  from	
  the	
  EPI	
  

images	
   acquired	
   during	
   performance	
   of	
   the	
   behavioural	
   task	
   following	
   the	
   sham	
  

stimulation	
   session.	
   The	
   task	
   EPI	
   data	
   was	
   preprocessed	
   as	
   outlined	
   above.	
  

Statistical	
  analysis	
  was	
  carried	
  out	
  using	
  FILM	
  with	
  local	
  autocorrelation	
  correction	
  

(Woolrich	
  et	
  al.,	
  2001).	
  FEAT	
  was	
  used	
  to	
  create	
  activation	
  maps	
  for	
  each	
  individual	
  

(Beckmann	
   et	
   al.,	
   2003),	
   and	
   the	
   resulting	
   Z	
   statistic	
   images	
  were	
   thresholded	
   at	
  

Z>2.0	
   with	
   a	
   corrected	
   cluster	
   extent	
   threshold	
   of	
   p<0.01.	
   For	
   each	
   pre-­‐defined	
  

anatomical	
   region,	
   functional	
  ROI	
  masks	
  were	
  created	
   for	
  each	
  subject	
  by	
  dilating	
  

the	
  maximally	
  active	
  voxel	
  within	
  each	
  anatomical	
  ROI	
  to	
  produce	
  a	
  spherical	
  ROI	
  

within	
  a	
  fixed	
  volume	
  of	
  8x8x8	
  mm	
  centred	
  on	
  the	
  peak	
  voxel.	
  As	
  the	
  task-­‐induced	
  

activation	
  was	
  primarily	
  left	
  lateralized,	
  functional	
  ROI	
  masks	
  were	
  created	
  for	
  the	
  

left	
  hemispheric	
  ROIs,	
  then	
  flipped	
  about	
  the	
  y-­‐axis	
  to	
  create	
  right	
  hemispheric	
  ROIs.	
  

	
   Using	
  as	
  masks	
  the	
  functionally	
  defined	
  ROIs	
  for	
  M1,	
  the	
  hand	
  area,	
  PMC,	
  and	
  

SMA,	
   the	
   timecourse	
  of	
   the	
  resting	
  BOLD	
  signal	
  was	
  extracted	
   from	
  each	
  subject’s	
  

images	
   for	
   each	
   stimulation	
   condition	
   (i.e.,	
   anodal,	
   cathodal	
   and	
   sham)	
   and	
  

timepoint	
   (i.e.,	
   pre	
   and	
   post	
   stimulation).	
   The	
   resulting	
   timecourses	
   were	
   then	
  

correlated	
  between	
  hemispheres	
  for	
  each	
  ROI	
  (e.g.,	
  left-­‐M1	
  with	
  right-­‐M1),	
  to	
  give	
  a	
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measure	
   of	
   inter-­‐hemispheric	
   functional	
   connectivity.	
   Statistical	
   analysis	
   of	
   all	
  

extracted	
  values	
  were	
  carried	
  out	
  in	
  SPSS	
  (IBM,	
  version	
  19.0.0).	
  

	
  

	
   INDEPENDENT	
  COMPONENT	
  ANALYSIS.	
   Preprocessed	
   resting	
   state	
   scans	
   were	
  

then	
   analysed	
   using	
   independent	
   component	
   analysis	
   (ICA),	
   implemented	
   by	
  

MELODIC	
   (Beckmann	
   &	
   Smith,	
   2004).	
   Initially,	
   all	
   scans	
   from	
   all	
   sessions	
   were	
  

combined	
  and	
  run	
  in	
  a	
  group	
  ICA	
  using	
  the	
  temporal	
  concatenation	
  method	
  within	
  

MELODIC,	
   constrained	
   to	
   identify	
   25	
   components.	
   Individual	
   components	
   were	
  

visually	
  inspected	
  to	
  determine	
  which	
  resting	
  state	
  networks	
  they	
  resembled,	
  with	
  

reference	
   to	
   previous	
   descriptions	
   of	
   typical	
   resting	
   networks	
   (Beckmann	
   et	
   al.,	
  

2005).	
   The	
   identified	
   networks	
  were	
   confirmed	
   using	
   an	
   automated	
   approach	
   by	
  

calculating	
   the	
   spatial	
   correlation	
   with	
   standard	
   masks	
   of	
   those	
   networks,	
   as	
  

described	
  previously	
  (Beckmann	
  et	
  al.,	
  2005).	
  A	
  dual-­‐regression	
  approach	
  (Filippini	
  

et	
   al.,	
   2009)	
   was	
   then	
   taken	
   as	
   follows:	
   	
   Group-­‐defined	
   RSNs	
   were	
   used	
   as	
   a	
  

regressor	
  in	
  separate	
  GLM	
  analyses	
  to	
  extract	
  a	
  timeseries	
  of	
  the	
  BOLD	
  signal	
  from	
  

the	
   EPI	
   data	
   from	
   each	
   subject	
   and	
   each	
   session	
   independently.	
   	
   Each	
   individual	
  

timeseries	
   was	
   then	
   used	
   in	
   a	
   second	
   GLM	
   to	
   extract	
   the	
   spatial	
   maps	
   that	
  

corresponded	
  to	
  each	
  RSN	
  timecourse	
  for	
  each	
  subject	
  and	
  session	
  separately.	
  

Permutation-­‐based	
  statistics	
  were	
  run	
  on	
  these	
  individually	
  defined	
  resting	
  

networks,	
   using	
   “randomise”	
   as	
   implemented	
   within	
   FSL	
   to	
   create	
   within	
   and	
  

between	
   condition	
   activation	
   maps	
   for	
   each	
   network.	
   The	
   resulting	
   t-­‐statistic	
  

images	
   were	
   thresholded	
   at	
   t>2.0,	
   and	
   significant	
   clusters	
   defined	
   at	
   a	
   corrected	
  

cluster	
  extent	
  threshold	
  of	
  	
  p<0.05.	
  	
  

Additionally,	
   the	
  mean	
   resting	
  BOLD	
  signal	
  was	
  extracted	
   from	
  each	
  of	
   the	
  

binarized	
  MELODIC-­‐defined	
  resting	
  networks	
  to	
  determine	
  their	
  overall	
  strength.	
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4.3 RESULTS	
  

ROI	
   analysis:	
   Cathodal	
   tDCS	
   Increases	
   the	
   Correlation	
   of	
   Motor	
   Activity	
   Between	
  

Hemispheres	
  

	
   We	
   investigated	
   whether	
   M1	
   tDCS	
   caused	
   changes	
   in	
   the	
   correlation	
   of	
  

resting	
  BOLD	
  signal	
  between	
  motor	
  cortical	
  areas.	
  We	
  specifically	
  investigated	
  M1,	
  

the	
  hand	
  area	
  of	
  M1,	
  SMA,	
  and	
  PMC	
  of	
  the	
  left	
  and	
  right	
  hemispheres.	
  	
  

	
   Correlations	
   in	
   the	
   timeseries	
  of	
   resting	
  activity	
  between	
   the	
   left	
   and	
   right	
  

M1,	
  hand	
  area,	
  SMA,	
  and	
  PMC	
  were	
  determined	
   for	
  each	
  subject,	
  before	
  and	
  after	
  

each	
  type	
  of	
  stimulation.	
  For	
  statistical	
  analysis,	
  to	
  ensure	
  normality	
  of	
  the	
  data	
  the	
  

resulting	
   r-­‐values	
   were	
   transformed	
   into	
   Z	
   scores	
   using	
   the	
   Fisher	
   r-­‐to-­‐Z	
  

transformation	
   (Figure	
   4.1).	
   These	
   Z	
   scores	
  were	
   entered	
   into	
   a	
  RM-­‐ANOVA	
  with	
  

one	
   factor	
  of	
  ROI	
   (the	
  hand	
  area,	
  PMC,	
  SMA),	
  one	
   factor	
  of	
  Stim	
  (anodal,	
   cathodal	
  

and	
  sham)	
  and	
  one	
  factor	
  of	
  time	
  (pre	
  and	
  post).	
  	
  There	
  was	
  a	
  significant	
  ROI	
  x	
  Stim	
  

x	
   Time	
   interaction	
   (F(4,	
   36)=	
   3.319,	
   p=	
   0.021).	
   To	
   determine	
   what	
   stimulation	
  

condition	
   was	
   driving	
   this	
   three-­‐way	
   interaction,	
   separate	
   RM-­‐ANOVAs	
   were	
  

performed	
   for	
   anodal	
   or	
   cathodal	
   stimulation	
   versus	
   sham	
   (ROI	
   x	
   Stim	
   x	
   Time).	
  

When	
  comparing	
  anodal	
  to	
  sham	
  stimulation,	
  there	
  were	
  no	
  significant	
  interactions.	
  

When	
   comparing	
   cathodal	
   to	
   sham,	
   there	
   was	
   a	
   significant	
   ROI	
   x	
   Stim	
   x	
   Time	
  

interaction	
   F(2,	
   20)=	
   4.001,	
   p=	
   0.035.	
   To	
   determine	
   in	
   which	
   ROIs	
   these	
   effects	
  

were	
  occurring,	
  RM-­‐ANOVA	
  were	
   then	
  performed	
   for	
  each	
  ROI	
   separately	
   (Stim	
  x	
  

Time).	
  There	
  was	
  a	
  significant	
  Stim	
  x	
  Time	
  interaction	
  for	
  the	
  hand	
  area	
  of	
  M1	
  and	
  

SMA	
   (hand:	
   F(1,	
   10)=	
   9.874,	
   p=	
   0.010;	
   SMA:	
   F(1,	
   10)=	
   9.041,	
   p=	
   0.013).	
   	
   t-­‐tests	
  

between	
   the	
   left	
   and	
   right	
   hand	
   area,	
   and	
   left	
   and	
   right	
   SMA	
   before	
   and	
   after	
  

cathodal	
  stimulation	
  showed	
  a	
  significant	
  increase	
  in	
  interhemispheric	
  connectivity	
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in	
   both	
   regions	
   (hand:	
   t(10)=	
   4.591,	
   p=	
   0.001;	
   SMA:	
   t(10)=	
   2.874,	
   p=0.017).	
   	
   In	
  

addition,	
   a	
   strong	
   trend	
   toward	
   an	
   increase	
   in	
   interhemispheric	
   connectivity	
  was	
  

found	
  for	
  the	
  PMC	
  (t(10)=	
  2.123,	
  p=	
  0.060;	
  Figure	
  4.1).	
  

	
  

	
  
Figure	
  4.1:	
   Cathodal	
  stimulation	
  significantly	
  increases	
  the	
  correlations	
  between	
  left	
  
and	
  right	
  hand	
  area	
  of	
  M1	
  and	
  the	
  left	
  and	
  right	
  SMA.	
  Increases	
  were	
  also	
  observed	
  in	
  
other	
  regions;	
  these	
  showed	
  a	
  trend	
  for	
  PMC	
  and	
  were	
  nonsignificant	
  for	
  M1.	
  Black	
  bars,	
  
anodal;	
  gray	
  bars,	
  cathodal;	
  white	
  bars,	
  sham.	
  Error	
  bars	
  ±1	
  SEM.	
  
	
  

ICA	
  generation	
  of	
  resting	
  state	
  networks	
  

	
   From	
   the	
   MELODIC	
   output,	
   eight	
   components	
   were	
   identified	
   that	
  

corresponded	
   to	
   the	
   motor,	
   default	
   mode,	
   medial	
   visual,	
   lateral	
   visual,	
   executive	
  

control,	
   auditory,	
   right	
   dorsal	
   visual	
   stream,	
   and	
   left	
   dorsal	
   visual	
   stream	
   resting	
  

state	
  networks	
  as	
  previously	
  described	
  (Figure	
  4.2).	
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Figure	
  4.2:	
   Melodic	
   ICA	
   generated	
   resting	
   networks.	
   Sagittal,	
   coronal,	
   and	
   axial	
  
views	
   of	
   different	
   spatial	
   maps	
   corresponding	
   to	
   the	
   eight	
   established	
   resting	
   state	
  
networks.	
   A)	
  motor	
   (0.69),	
   B)	
   default	
  mode	
   (0.42),	
   C)	
  medial	
   visual	
   (0.70),	
   D)	
   lateral	
  
visual	
  (0.56),	
  E)	
  executive	
  control	
  (0.49),	
  F)	
  auditory	
  (0.47),	
  G)	
  right	
  dorsal	
  visual	
  stream	
  
(0.44),	
   H)	
   left	
   dorsal	
   visual	
   stream	
   (0.60).	
   	
   Correlation	
   values	
   of	
   each	
   RSN	
   with	
   its	
  
canonical	
   RSN	
   are	
   listed	
   in	
   parentheses.	
   Images	
   are	
   presented	
   in	
   MNI	
   space;	
  
coordinates	
  are	
  mm	
  from	
  the	
  anterior	
  commissure.	
  
	
  

Cathodal	
  tDCS	
  Increases	
  the	
  Overall	
  Strength	
  of	
  the	
  Default	
  Mode	
  Network	
  

	
  	
   We	
   then	
   tested	
  whether	
   tDCS	
   could	
  modify	
   the	
   overall	
   strength	
   of	
   resting	
  

state	
   networks.	
   The	
   mean	
   resting	
   activity	
   in	
   each	
   of	
   the	
   8	
   identified	
   networks	
  

(Figure	
  4.2),	
  before	
  and	
  after	
  each	
  period	
  of	
   stimulation	
   (anodal,	
   cathodal,	
   sham),	
  

was	
  compared.	
  A	
  RM-­‐ANOVA	
  (RSN	
  x	
  Stim	
  x	
  Time)	
  found	
  an	
  RSN	
  x	
  Stim	
  interaction	
  

(F(14,126)=	
   1.860,	
   p=	
   0.037)	
   suggesting	
   that	
   the	
   effects	
   of	
   stimulation	
   varied	
  

between	
  RSNs.	
  Subsequent	
  RM-­‐ANOVAs	
  comparing	
  anodal	
  to	
  sham,	
  and	
  cathodal	
  to	
  

sham	
  were	
  run	
  for	
  each	
  RSN.	
  There	
  was	
  no	
  significant	
  effect	
  of	
  tDCS	
  on	
  any	
  network	
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when	
  comparing	
  anodal	
  to	
  sham.	
  When	
  comparing	
  cathodal	
  to	
  sham,	
  the	
  only	
  RSN	
  

where	
  there	
  was	
  a	
  significant	
  effect	
  of	
  tDCS	
  was	
  the	
  default	
  mode	
  network	
  (DMN),	
  

which	
  showed	
  a	
  Stim	
  x	
  Time	
   interaction	
  (F(1,10)=	
  5.977,	
  p=	
  0.035)	
  (Figure	
  4.3A).	
  

Paired	
   t-­‐tests	
   on	
   the	
   mean	
   DMN	
   strength	
   before	
   and	
   after	
   stimulation	
   found	
   a	
  

significant	
   increase	
   in	
   resting	
   activity	
   following	
   cathodal	
   tDCS	
   (t(9)=	
   3.046,	
   p=	
  

0.012),	
  but	
  not	
  following	
  anodal	
  or	
  sham	
  tDCS	
  (anodal:	
  t(9)=	
  1.543,	
  p=	
  0.157;	
  sham:	
  

t(10)=	
  0.725,	
  p=	
  0.485).	
  As	
  we	
  had	
  an	
  a	
  priori	
  hypothesis	
  for	
  the	
  effects	
  of	
  tDCS	
  on	
  

the	
  motor	
  network,	
  although	
  no	
  significant	
  effects	
  of	
  tDCS	
  were	
  identified	
  on	
  resting	
  

activity	
  changes	
  within	
  the	
  motor	
  network,	
  we	
  investigated	
  polarity-­‐specific	
  effects	
  

within	
  this	
  network.	
  This	
  analysis	
  revealed	
  a	
  trend	
  toward	
  increased	
  resting	
  activity	
  

following	
  anodal	
  stimulation	
  (anodal:	
  t(9)=	
  1.993,	
  p=	
  0.077;	
  cathodal:	
  t(10)=	
  1.401,	
  

p=0.191;	
  sham:	
  t(10)=	
  0.221,	
  p=0.830).	
  The	
  results	
  of	
  this	
  exploratory	
  analysis	
  are	
  

shown	
  in	
  Figure	
  4.3B.	
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Figure	
  4.3:	
   Cathodal	
   tDCS	
   increases	
   the	
   strength	
   of	
   the	
   default	
  mode	
   network.	
   A)	
  
Default	
  mode	
  network.	
   A	
   significant	
   (p<	
   0.05)	
   increase	
   in	
   activity	
   in	
   the	
  DMN	
   can	
   be	
  
seen	
  following	
  cathodal,	
  but	
  not	
  anodal	
  or	
  sham,	
  tDCS.	
  B)	
  Motor	
  network.	
  The	
  strength	
  
of	
  the	
  motor	
  network	
  is	
  not	
  significantly	
  changed	
  over	
  time	
  by	
  tDCS,	
  although	
  a	
  trend	
  
towards	
  an	
  increase	
  was	
  demonstrated	
  with	
  anodal	
  tDCS.	
  Error	
  bars:	
  ±1	
  SEM.	
  
	
  

Cathodal	
  tDCS	
  Increases	
  Connectivity	
  within	
  the	
  Motor	
  and	
  Default	
  Mode	
  Networks	
  

Positing	
  that	
  stimulation	
  may	
  increase	
  connectivity	
  between	
  specific	
  areas	
  of	
  

the	
   resting	
   state	
  networks	
   in	
   addition	
   to	
   (or	
   independent	
  of)	
   affecting	
   the	
  overall	
  

strength	
   of	
   the	
   network,	
   we	
   ran	
   an	
   exploratory	
   voxel-­‐wise	
   whole	
   brain	
   analysis	
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comparing	
  pre	
  and	
  post	
  stimulation	
  resting	
  activity	
  in	
  the	
  motor	
  and	
  default	
  mode	
  

networks	
  for	
  each	
  stimulation	
  type.	
  Cathodal	
  stimulation	
  led	
  to	
  significant	
  increases	
  

in	
   connectivity	
   for	
   specific	
   clusters	
   within	
   both	
   the	
   motor	
   and	
   default	
   mode	
  

networks	
   (Figure	
   4.4).	
   No	
   significant	
   changes	
   were	
   found	
   for	
   equivalent	
   whole	
  

brain	
  analysis	
  of	
  anodal	
  or	
  sham	
  stimulation.	
  For	
  exploratory	
  purposes,	
  we	
  plotted	
  

the	
   extracted	
   parameter	
   estimates	
   before	
   and	
   after	
   each	
   stimulation	
   type	
   from	
  

voxels	
   within	
   the	
   clusters	
   that	
   showed	
   significant	
   changes	
   due	
   to	
   cathodal	
  

stimulation	
   (Figure	
   4.5).	
   There	
   was	
   no	
   evidence	
   for	
   change	
   in	
   these	
   clusters	
  

following	
  anodal	
  or	
  sham	
  stimulation.	
  

	
  

	
  

	
  
Figure	
  4.4:	
   Cathodal	
  stimulation	
  modifies	
  connectivity	
  between	
  specific	
  areas	
  of	
  the	
  
motor	
   and	
   default	
   mode	
   networks.	
   A)	
   Motor	
   network,	
   B)	
   Default	
   mode	
   network.	
   T-­‐
statistic	
  images	
  of	
  increases	
  due	
  to	
  cathodal	
  stimulation	
  in	
  the	
  RSN.	
  Images	
  are	
  in	
  MNI	
  
space;	
  coordinates	
  are	
  mm	
  from	
  the	
  anterior	
  commissure.	
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Figure	
  4.5:	
   Clusters	
  which	
  showed	
  increased	
  connectivity	
  after	
  cathodal	
  stimulation	
  
did	
  not	
  show	
  any	
  evidence	
  for	
  significant	
  change	
  after	
  anodal	
  or	
  sham	
  stimulation.	
  A)	
  
Motor	
  network,	
  B)	
  Default	
  mode	
  network.	
  Bar	
  graphs	
  represent	
  the	
  amount	
  of	
  activity	
  
in	
   the	
   clusters	
   shown	
   in	
   Figure	
   4.4	
   before	
   and	
   after	
   anodal,	
   cathodal,	
   and	
   sham	
  
stimulation.	
  Error	
  bars	
  ±1	
  SEM.	
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4.4 DISCUSSION	
  

	
   This	
   study	
   demonstrated	
   that	
   tDCS	
   to	
   the	
  motor	
   cortex	
  modulates	
   resting	
  

state	
   activity	
   in	
   a	
   polarity	
   and	
   network-­‐specific	
   manner.	
   These	
   effects	
   were	
  

primarily	
  found	
  when	
  cathodal	
  tDCS	
  was	
  applied	
  to	
  M1.	
  A	
  region	
  of	
  interest	
  analysis	
  

probing	
  the	
  coherence	
  of	
  activity	
  between	
  major	
  nodes	
  within	
   the	
  motor	
  network	
  

(M1,	
   the	
   hand	
   area,	
   SMA,	
   and	
   PMC)	
   between	
   hemispheres	
   found	
   increased	
  

interhemispheric	
  connectivity	
  between	
  the	
  hand	
  areas	
  and	
  SMAs	
  following	
  cathodal	
  

tDCS.	
   An	
   ICA	
   analysis	
   identified	
   the	
  major	
   resting	
   state	
   networks	
   and	
   found	
   that	
  

cathodal	
   tDCS	
   increased	
   the	
  overall	
   strength	
  of	
   the	
  default	
  mode	
  network	
   (DMN),	
  

and	
  increased	
  functional	
  connectivity	
  for	
  specific	
  regions	
  within	
  both	
  the	
  DMN	
  and	
  

the	
  motor	
  network.	
  No	
  significant	
  results	
  were	
  found	
  in	
  any	
  of	
  these	
  analyses	
  when	
  

probing	
  the	
  effects	
  of	
  anodal	
  tDCS.	
  

	
   Though	
   the	
   overall	
   strength	
   of	
   the	
   motor	
   network	
   was	
   not	
   significantly	
  

modulated	
  by	
  tDCS,	
  the	
  ROI	
  analysis	
  revealed	
  increased	
  interhemispheric	
  functional	
  

connectivity	
   within	
   the	
   network	
   following	
   cathodal	
   stimulation.	
   Specifically,	
   we	
  

found	
  an	
   increase	
   in	
  correlations	
  between	
   the	
   left	
  and	
  right	
  hand	
  area	
  of	
  M1,	
  and	
  

left	
  and	
  right	
  SMA	
  following	
  cathodal	
  tDCS.	
  We	
  did	
  not,	
  however,	
  find	
  evidence	
  for	
  

changes	
   in	
   interhemispheric	
   functional	
  connectivity	
   following	
  anodal	
   tDCS	
   for	
  any	
  

ROI.	
   These	
   results	
   contrast	
   with	
   previous	
   findings	
   concerning	
   changes	
   in	
   resting	
  

motor	
   activity	
   following	
   anodal	
   tDCS.	
   Alon	
   and	
   colleagues	
   reported	
   a	
   decrease	
   in	
  

interhemispheric	
   interactions	
   between	
   the	
   left	
   and	
   right	
   M1	
   after	
   anodal	
   tDCS,	
  

though	
  they	
  did	
  not	
  test	
  cathodal	
  stimulation	
  (Alon	
  et	
  al.,	
  2011).	
  	
  

	
   The	
  discrepancy	
  between	
  the	
  anodal	
  tDCS	
  results	
  from	
  Alon’s	
  study	
  and	
  ours	
  

may	
  be	
  due	
  to	
  a	
  variety	
  of	
   factors.	
  First,	
  Alon	
   found	
  significant	
  effects	
  when	
  using	
  

transcranial	
  pulsed	
  current	
  stimulation	
  (tPCS),	
  noting	
  only	
  a	
  trend	
  when	
  tDCS,	
  the	
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stimulation	
   method	
   we	
   employed,	
   was	
   applied.	
   Additionally,	
   the	
   present	
   study	
  

compares	
   resting	
   activity	
   before	
   and	
   after	
   stimulation,	
   while	
   the	
   Alon	
   study	
  

compares	
  resting	
  activity	
  before	
  stimulation	
   to	
  resting	
  activity	
  during	
   stimulation.	
  

As	
   the	
  neurophysiological	
  basis	
  of	
   the	
  effects	
  of	
   tDCS	
  during	
  and	
  after	
  stimulation	
  

differ	
   (Stagg	
   &	
   Nitsche,	
   2011),	
   our	
   two	
   studies	
   may	
   be	
   investigating	
   essentially	
  

different	
  mechanisms.	
  Moreover,	
  the	
  experimental	
  setups	
  of	
  the	
  two	
  studies	
  varied	
  

widely.	
  We	
  followed	
  a	
  “Rest	
  –	
  Stimulation	
  –	
  Rest”	
  design,	
  while	
  the	
  Alon	
  study	
  used	
  

a	
   “Rest	
   1	
   –	
   Task	
   –	
   Stimulation	
   1	
   –	
   Rest	
   2	
   –	
   Stimulation	
   2”	
   design.	
   They	
   found	
  

significant	
  effects	
  when	
  comparing	
  Stimulation	
  2	
  to	
  Rest	
  1.	
  If	
  the	
  stimulation	
  block	
  

is	
  compared	
  to	
  the	
  rest	
  block	
  immediately	
  preceding	
  it	
  (i.e.,	
  Stimulation	
  2	
  to	
  Rest	
  2),	
  

there	
  is	
  no	
  effect.	
  In	
  the	
  intervening	
  20	
  minutes	
  between	
  the	
  end	
  of	
  Rest	
  1	
  and	
  the	
  

beginning	
  of	
  Stimulation	
  2,	
  the	
  subjects	
  performed	
  a	
  finger-­‐thumb	
  opposition	
  task.	
  

It	
   is	
   possible	
   that	
   the	
   performance	
   of	
   the	
   motor	
   task	
   may	
   have	
   metaplastically	
  

raised	
   the	
   threshold	
   for	
   LTP	
   induction,	
   favouring	
   the	
   induction	
   of	
   LTD,	
   and	
   thus	
  

modifying	
   the	
   subsequent	
   effect	
   of	
   stimulation	
   (Iezzi	
   et	
   al.,	
   2008).	
   Indeed,	
   the	
  

largest	
  sequential	
  change	
  in	
  resting	
  activity	
  correlation	
  is	
  seen	
  between	
  Rest	
  1	
  and	
  

Stimulation	
  1	
  (between	
  which	
  the	
  task	
  was	
  performed,	
  with	
  no	
  imaging	
  acquired).	
  

This	
  raises	
  the	
  possibility	
  that	
  it	
  may	
  have	
  been	
  performance	
  of	
  the	
  task,	
  rather	
  than	
  

stimulation,	
  that	
  lead	
  to	
  the	
  reported	
  decrease	
  in	
  coherent	
  activity	
  between	
  left	
  and	
  

right	
  M1.	
  

	
   The	
  incongruence	
  between	
  the	
  scale	
  of	
  action	
  of	
  anodal	
  and	
  cathodal	
  tDCS	
  in	
  

the	
  current	
  study	
  may	
  partially	
  be	
  due	
  to	
  the	
  functional	
  architecture	
  of	
  M1.	
  A	
  study	
  

investigating	
   stimulation-­‐mediated	
   reorganization	
   within	
   M1	
   found	
   that	
   cathodal	
  

tDCS	
   increased	
   local	
   connectedness	
   in	
   the	
   hand	
   area,	
   but	
   not	
   globally	
   across	
  M1;	
  

anodal	
  tDCS	
  had	
  the	
  opposite	
  effect,	
  increasing	
  long	
  distance	
  connections	
  across	
  M1	
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but	
   not	
   local	
   connectedness	
   (Polanía	
   et	
   al.,	
   2012).	
   Our	
   result	
   of	
   increased	
  

interhemispheric	
  synchronization	
  between	
  the	
  hand	
  areas,	
  but	
  not	
  M1	
  as	
  a	
  whole,	
  

following	
   cathodal	
   tDCS	
   is	
   in	
   accord	
  with	
   this	
   finding.	
   It	
   has	
   been	
   proposed	
   that	
  

such	
  modifications	
  in	
  connectivity	
  and	
  synchronization	
  are	
  the	
  result	
  of	
  changes	
  in	
  

the	
  signal	
  to	
  noise	
  ratio	
  (SNR)	
  (Polanía	
  et	
  al.,	
  2012).	
  Cathodal	
  tDCS	
  causes	
  neuronal	
  

hyperpolarization	
   and	
   decreased	
   spontaneous	
   firing	
   (Bindman	
   et	
   al.,	
   1964),	
  

effectively	
   decreasing	
   neuronal	
   noise	
   (Antal	
   et	
   al.,	
   2004).	
   This	
   may	
   result	
   in	
  

increased	
   SNR	
   from	
   the	
   stimulated	
   area,	
   promoting	
   better	
   communication	
   with	
  

other	
  regions	
  and	
  increasing	
  synchronization	
  (Polanía	
  et	
  al.,	
  2011b).	
  

	
   How	
  might	
   the	
   increased	
   synchronicity	
   between	
   hemispheres	
   documented	
  

in	
   this	
   study	
   translate	
   to	
   the	
   detrimental	
   behavioural	
   effects	
   seen	
   on	
   unimanual	
  

motor	
  learning	
  tasks	
  following	
  cathodal	
  tDCS?	
  Such	
  unimanual	
  movements	
  recruit	
  

contralateral	
   motor	
   areas,	
   with	
   ipsilateral	
   signals	
   effectively	
   treated	
   as	
   noise	
  

(Cincotta	
   &	
   Ziemann,	
   2008).	
   During	
   unimanual	
   task	
   performance,	
   contralateral	
  

motor	
   regions	
   are	
   positively	
   modulated,	
   while	
   ipsilateral	
   areas	
   are	
   inhibited	
  

(Grefkes	
  et	
  al.,	
  2008).	
  The	
  increased	
  signal	
  from	
  contralateral	
  areas,	
  combined	
  with	
  

decreased	
  noise	
   from	
   ipsilateral	
   areas,	
   results	
   in	
   improved	
  efferent	
   SNR	
   from	
   the	
  

contralateral	
  motor	
  area.	
  This	
  may	
  lead	
  to	
  more	
  efficient	
  synaptic	
  transmission	
  and,	
  

ultimately,	
   faster	
   motor	
   execution	
   (Grefkes	
   et	
   al.,	
   2008).	
   Cathodal	
   tDCS,	
   by	
  

synchronizing	
   activity	
   between	
   the	
   hand	
   areas	
   of	
   the	
   two	
   hemispheres,	
   may	
  

interfere	
   with	
   the	
   ability	
   of	
   intrinsic	
   mechanisms	
   to	
   perform	
   this	
   decoupling,	
  

resulting	
   in	
   impaired	
  motor	
  performance.	
  Such	
  work	
  also	
  suggests	
   that	
   the	
  SMAs,	
  

and	
   to	
   a	
   lesser	
   extent	
   the	
   PMCs,	
   mediate	
   these	
   interhemispheric	
   interactions,	
  

modulating	
  M1	
  activity	
  in	
  favour	
  of	
  the	
  hemisphere	
  responsible	
  for	
  the	
  unimanual	
  

movement	
   (Grefkes	
   et	
   al.,	
   2008).	
   Our	
   study	
   documented	
   increased	
   correlations	
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between	
   activity	
   in	
   the	
   SMAs	
   following	
   cathodal	
   tDCS,	
   and	
   a	
   similar	
   trend	
   in	
   the	
  

PMCs.	
  This	
  may	
  reflect	
  the	
  SMA	
  of	
  both	
  hemispheres	
  working	
  in	
  concert	
  to	
  promote	
  

activity	
  within	
  both	
  motor	
  cortices,	
  rather	
  than	
  the	
  contralateral	
  cortex	
  exclusively.	
  

Our	
   findings	
   also	
   report	
   an	
   unexpected	
   increase	
   in	
   strength	
   of	
   the	
   DMN	
  

following	
   cathodal	
   tDCS.	
   The	
  DMN	
   is	
   thought	
   to	
   underlie	
   processes	
   necessary	
   for	
  

passive	
  cognitive	
  states,	
  such	
  as	
  introspection	
  and	
  “mind	
  wandering”	
  (Broyd	
  et	
  al.,	
  

2009;	
  Rosazza	
  &	
  Minati,	
  2011).	
   In	
   line	
  with	
   this,	
  and	
   in	
  contrast	
  with	
  other	
  RSNs,	
  

the	
  DMN	
  exhibits	
   increased	
  activity	
  during	
  rest	
  and	
  decreased	
  activity	
  during	
  task	
  

performance	
  (Raichle	
  et	
  al.,	
  2001).	
  As	
  such,	
   it	
  has	
  been	
   labelled	
  as	
  a	
   task-­‐negative	
  

network,	
   the	
   deactivation	
   of	
   which	
   allows	
   task-­‐positive	
   networks	
   to	
   more	
  

effectively	
  facilitate	
  task	
  performance	
  (Peña-­‐Gómez	
  et	
  al.,	
  2011).	
  Indeed,	
   increases	
  

in	
  DMN	
  activity	
  have	
  been	
  shown	
  to	
  precede	
  and	
  predict	
  worsened	
  performance	
  on	
  

behavioural	
   tasks	
  (Eichele	
  et	
  al.,	
  2008;	
  Li	
  et	
  al.,	
  2007;	
  Weissman	
  et	
  al.,	
  2006).	
  The	
  

default	
   mode	
   interference	
   hypothesis	
   proposes	
   that	
   overactivity	
   of	
   the	
   task-­‐

negative	
   component	
  of	
   the	
  DMN	
  results	
   in	
   attentional	
   lapses	
  during	
  goal-­‐directed	
  

actions,	
   increasing	
   error	
   rates	
   (Mason	
   et	
   al.,	
   2007;	
   Sonuga-­‐Barke	
   &	
   Castellanos,	
  

2007).	
   Studies	
   investigating	
   the	
   effects	
   of	
   tDCS	
   on	
  motor	
   performance	
   often	
   find	
  

that	
  cathodal	
  tDCS	
  impairs	
  motor	
  learning	
  and	
  behaviour	
  (Stagg	
  et	
  al.,	
  2011).	
  Taken	
  

together,	
  these	
  results	
  suggest	
  that	
  cathodal	
  tDCS	
  may	
  worsen	
  motor	
  performance	
  

via	
   the	
   DMN	
   in	
   two	
   complementary	
   ways.	
   First,	
   increased	
   task-­‐negative	
   activity	
  

might	
  interfere	
  with	
  the	
  ability	
  of	
  task-­‐positive	
  networks	
  (e.g.,	
  the	
  motor	
  network)	
  

to	
   execute	
   the	
   behavioural	
   task.	
   Secondly,	
   impaired	
   top-­‐down	
   control	
   caused	
   by	
  

increased	
  DMN	
  strength	
  may	
  result	
   in	
  more	
  attentional	
   lapses,	
  contributing	
  to	
  the	
  

reduction	
  in	
  motor	
  learning	
  apparent	
  during	
  cathodal	
  stimulation.	
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   While	
   this	
  experiment	
  expands	
  upon	
   those	
   that	
  preceded	
   it,	
  namely	
  by	
   the	
  

inclusion	
  of	
  both	
  anodal	
  and	
  cathodal	
  tDCS,	
  and	
  the	
  use	
  of	
  ICA	
  to	
  define	
  resting	
  state	
  

networks,	
   room	
   remains	
   for	
   future	
   development.	
   One	
   confound	
   of	
   this	
   study	
  

originates	
  from	
  the	
  electrode	
  configuration	
  itself:	
  anodal	
  tDCS	
  to	
  M1	
  simultaneously	
  

delivers	
   cathodal	
   stimulation	
   to	
   the	
  prefrontal	
   cortex,	
   and	
   vice	
   versa	
   for	
   cathodal	
  

tDCS.	
  This	
  is	
  not	
  a	
  critique	
  of	
  the	
  present	
  experiment	
  exclusively,	
  as	
  any	
  study	
  using	
  

a	
   similar	
   electrode	
   montage	
   must	
   contend	
   with	
   the	
   same	
   duality.	
   However,	
   it	
   is	
  

particularly	
   pertinent	
   in	
   the	
   interpretation	
   of	
   results	
   from	
   this	
   study,	
   as	
   many	
  

findings	
   concern	
   the	
   default	
   mode	
   network.	
   Because	
   the	
   DMN	
   partially	
  

encompasses	
  the	
  PFC,	
  it	
  is	
  difficult	
  to	
  discern	
  whether	
  the	
  increased	
  strength	
  of	
  the	
  

DMN	
   is	
   a	
   result	
   of	
   cathodal	
   stimulation	
   to	
  M1	
   specifically,	
   or	
   if	
   it	
   was	
   driven	
   by	
  

anodal	
   stimulation	
   of	
   the	
   PFC.	
   While	
   an	
   interesting	
   question,	
   it	
   lies	
   beyond	
   the	
  

scope	
   of	
   this	
   experiment.	
   Studies	
   wishing	
   to	
   address	
   this	
   concern	
   may	
   consider	
  

increasing	
   the	
   size	
   of	
   the	
   reference	
   electrode,	
   or	
   delivering	
   bipolar	
   tDCS	
   to	
   both	
  

motor	
  cortices.	
  Though	
  both	
  options	
  diminish	
  or	
  eliminate	
  stimulation	
  to	
  the	
  PFC,	
  

they	
  would	
  also	
  render	
  comparisons	
  with	
  prior	
  and	
  future	
  studies	
  more	
  difficult,	
  as	
  

such	
  configurations	
  are	
  not	
  as	
  commonly	
  used	
  in	
  practice.	
  

	
   A	
   second,	
   and	
   perhaps	
   more	
   salient,	
   limitation	
   of	
   this	
   study	
   is	
   that	
   the	
  

behavioural	
  task	
  was	
  only	
  performed	
  on	
  the	
  sham	
  tDCS	
  day,	
  to	
  provide	
  a	
  localizer	
  of	
  

motor	
   activation.	
   This	
   did	
   not	
   provide	
   the	
   opportunity	
   to	
   investigate	
   how	
   tDCS-­‐

induced	
  changes	
  in	
  RSN	
  activity	
  predict	
  or	
  modify	
  motor	
  performance.	
  To	
  properly	
  

form	
   such	
   conclusions,	
   the	
  motor	
   learning	
   task	
   should	
   also	
   be	
   performed	
   on	
   the	
  

anodal	
   and	
   cathodal	
   tDCS	
   days.	
   A	
   single	
   session	
   of	
   the	
   task	
   following	
   the	
   second	
  

resting	
  state	
  scan	
  would	
  allow	
  for	
  inferences	
  regarding	
  how	
  changes	
  in	
  resting	
  state	
  

activity	
  predict	
  motor	
  performance.	
   In	
  order	
  to	
  understand	
  how	
  such	
  changes	
  not	
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just	
  predict,	
   but	
  modify	
   learning,	
   the	
   task	
  would	
  need	
   to	
  be	
  performed	
  after	
  both	
  

resting	
   state	
   scans.	
   This	
   	
   design	
   may	
   introduce	
   other	
   complications,	
   as	
   motor	
  

learning	
  itself	
  modifies	
  resting	
  state	
  activity	
  (Albert	
  et	
  al.,	
  2009).	
  

	
  

4.5 CONCLUSION	
  

	
   The	
  results	
  of	
   this	
  experiment	
  provide	
  new	
  evidence	
  on	
   the	
  ways	
   in	
  which	
  

cathodal	
  tDCS	
  modifies	
  resting	
  functional	
  activity	
  in	
  the	
  human	
  brain.	
  Cathodal	
  tDCS	
  

was	
  shown	
  to	
  significantly	
   increase	
   interhemispheric	
   functional	
  coupling	
  between	
  

motor	
   regions	
   at	
   rest	
   and	
   to	
   increase	
   the	
   strength	
   of	
   the	
   default	
   mode	
   network.	
  

Though	
   trends	
   regarding	
   change	
   due	
   to	
   anodal	
   tDCS	
   were	
   noted,	
   none	
   reached	
  

significance.	
   The	
   absence	
   of	
   clear	
   alterations	
   in	
   resting	
   state	
   activity	
   following	
  

anodal	
   tDCS	
   suggests	
   that	
   the	
  effects	
  of	
   anodal	
   tDCS	
  may	
  be	
  more	
   reliant	
  on	
   task	
  

performance.	
  Therefore,	
  rather	
  than	
  continuing	
  to	
  explore	
  the	
  interaction	
  between	
  

tDCS	
  and	
  resting	
  state	
  activity,	
  Chapter	
  5	
  focuses	
  on	
  the	
  interaction	
  between	
  tDCS	
  

and	
  task	
  performance.	
  The	
  beneficial	
  effects	
  of	
  tDCS	
  as	
  related	
  to	
  motor	
  behaviour	
  

are	
  more	
   frequently	
   documented	
   for	
   anodal	
   than	
   cathodal	
   tDCS.	
   Pursuing	
   anodal	
  

tDCS	
   in	
   the	
   remaining	
   experiments	
   allows	
   for	
   a	
  more	
   thorough	
   investigation	
   into	
  

the	
  means	
  by	
  which	
  tDCS	
  promotes	
  improvements	
  in	
  motor	
  learning.	
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Chapter	
  5: Online	
   and	
   Offline	
   tDCS	
   Differentially	
  
Modulate	
  Motor	
  Learning	
  and	
  Excitability	
  

	
   The	
   previous	
   chapter	
   demonstrated	
   that	
   tDCS	
   to	
   M1	
   modulates	
   subsequent	
  

connectivity	
  across	
  the	
  motor	
  network	
  in	
  the	
  resting	
  brain.	
  However,	
  the	
  behavioural	
  

effects	
  of	
  tDCS	
  are	
  variable:	
  administering	
  anodal	
  tDCS	
  prior	
  to	
  task	
  performance	
  has	
  

been	
   shown	
   to	
  worsen	
   learning,	
  whereas	
   the	
   same	
   stimulation	
  applied	
   concurrently	
  

with	
  task	
  performance	
  generally	
  enhances	
  motor	
   learning.	
  Here,	
  we	
   investigate	
  how	
  

the	
   relative	
   timing	
   of	
   anodal	
   tDCS	
   application	
   and	
   task	
   performance	
   modulates	
  

learning	
   on	
   an	
   explicit	
   motor	
   learning	
   task.	
   In	
   particular,	
   we	
   ask	
   what	
  

neurophysiological	
  correlates	
  may	
  form	
  the	
  basis	
  of	
  these	
  behavioural	
  responses.	
  

	
  

5.1 INTRODUCTION	
  

	
   Anodal	
  tDCS	
  to	
  the	
  motor	
  cortex	
  has	
  been	
  shown	
  to	
  increase	
  excitability,	
  as	
  

measured	
   by	
   larger	
   motor	
   evoked	
   potentials	
   (MEPs)	
   elicited	
   by	
   TMS	
   (Nitsche	
   &	
  

Paulus,	
  2000).	
  The	
  effect	
  of	
  this	
  excitability	
  change	
  on	
  motor	
  learning	
  can	
  be	
  probed	
  

using	
   a	
   sequence	
   learning	
   task.	
  When	
   anodal	
   tDCS	
   is	
   applied	
   during	
   such	
   a	
   task,	
  

levels	
  of	
  learning	
  increase	
  on	
  both	
  explicit	
  (Stagg	
  et	
  al.,	
  2011b)	
  and	
  implicit	
  variants	
  

(Nitsche	
   et	
   al.,	
   2003).	
   Though	
   tDCS-­‐induced	
   increases	
   in	
   excitability	
   can	
   outlast	
  

stimulation	
   termination	
   by	
   up	
   to	
   ninety	
   minutes	
   (Nitsche	
   &	
   Paulus,	
   2001),	
  

augmented	
  motor	
  learning	
  is	
  only	
  reliably	
  documented	
  if	
  stimulation	
  is	
  concurrent	
  

with	
   performance	
   of	
   the	
   task	
   (Stagg	
   et	
   al.,	
   2011b).	
   Applying	
   stimulation	
   prior	
   to	
  

sequence	
  learning	
  tasks	
  has	
  been	
  shown	
  to	
  have	
  no	
  effect	
  at	
  all	
  (Kuo	
  et	
  al.,	
  2008)	
  or	
  

to	
  even	
  worsen	
  performance	
  (Stagg	
  et	
  al.,	
  2011b).	
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   A	
   growing	
   body	
   of	
   work	
   proposes	
   that	
   the	
   mechanisms	
   of	
   homeostatic	
  

plasticity	
  may	
  be	
  helpful	
  in	
  understanding	
  the	
  differing	
  effects	
  of	
  performing	
  a	
  task	
  

after	
  tDCS	
  (offline)	
  and	
  performing	
  the	
  same	
  task	
  concurrently	
  (online)	
  with	
  tDCS	
  

application	
   (Ziemann	
   &	
   Siebner,	
   2008).	
   The	
   principle	
   of	
   homeostatic	
   plasticity	
  

proposes	
   that	
   the	
   brain’s	
   capacity	
   for	
   plasticity	
   (and	
   as	
   a	
   result,	
   learning)	
   at	
   any	
  

point	
  in	
  time	
  depends	
  on	
  its	
  background	
  activity	
  (see	
  Chapter	
  1.2.2.4).	
  Homeostatic	
  

plasticity	
   has	
   been	
   modelled	
   using	
   the	
   Bienenstock-­‐Cooper-­‐Munro	
   (BCM)	
   rule	
  

(Bienenstock	
  et	
  al.,	
  1982).	
  In	
  this	
  model,	
  a	
  decrease	
  in	
  background	
  activity	
  prior	
  to	
  

an	
   intervention	
   leads	
   to	
   an	
   increase	
   in	
   facilitatory	
   plasticity	
   induced	
   during	
   that	
  

intervention	
   (or	
  a	
  decrease	
   in	
   inhibitory	
  plasticity).	
  Likewise,	
   an	
   increase	
   in	
  prior	
  

background	
   activity	
   decreases	
   the	
   brain’s	
   ability	
   for	
   subsequent	
   facilitatory	
  

plasticity	
   induction	
   (and	
   increases	
   its	
   ability	
   for	
   inhibitory	
   plasticity).	
   The	
   first	
  

experiment	
  to	
  demonstrate	
  such	
  homeostatic	
  properties	
  in	
  humans	
  was	
  performed	
  

by	
  Iyer	
  and	
  colleagues	
  in	
  2003.	
  They	
  found	
  that	
  increasing	
  cortical	
  excitability	
  using	
  

6	
  Hz	
  rTMS	
  enhanced	
  the	
  inhibitory	
  effect	
  of	
  subsequent	
  1	
  Hz	
  rTMS	
  application	
  (Iyer,	
  

Schleper,	
  &	
  Wassermann,	
  2003).	
  	
  

	
   The	
   homeostatic	
   model	
   is	
   itself	
   dependent	
   on	
   the	
   relative	
   timing	
   of	
   any	
  

change	
  in	
  background	
  activity	
  and	
  learning	
  or	
  plasticity.	
  This	
  is	
  often	
  demonstrated	
  

by	
   experiments	
   that	
   have	
   modified	
   background	
   activity	
   using	
   tDCS	
   and	
   induced	
  

plasticity	
   using	
   TMS:	
   If	
   anodal	
   tDCS	
   (which	
   increases	
   background	
   activity)	
   is	
  

applied	
  concurrently	
  with	
  a	
  plasticity-­‐inducing	
  TMS	
  protocol,	
   the	
   resultant	
  effects	
  

can	
  be	
  explained	
  homeostatically	
  (Nitsche	
  et	
  al.,	
  2007).	
  	
  However,	
  if	
  tDCS	
  is	
  applied	
  

prior	
  to	
  the	
  plasticity-­‐inducing	
  protocol,	
  the	
  effects	
  have	
  been	
  shown	
  to	
  be	
  variously	
  

nonhomeostatic	
   (Nitsche	
   et	
   al.,	
   2007),	
   homeostatic	
   (Fricke	
   et	
   al.,	
   2011),	
   or	
   non-­‐
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existent	
   (Fricke	
   et	
   al.,	
   2011),	
   depending	
   on	
   the	
   interval	
   between	
   the	
   two	
  

interventions	
  and	
  the	
  nature	
  of	
  those	
  interventions.	
  

	
   The	
  results	
  of	
  such	
  tDCS-­‐TMS	
  studies	
  suggest	
  that	
  the	
  relative	
  timing	
  of	
  tDCS	
  

and	
  a	
  plasticity-­‐inducing	
  protocol	
  has	
  a	
  strong	
  impact	
  on	
  plasticity	
  and,	
  by	
  inference,	
  

on	
   learning.	
  The	
  effect	
  of	
   timing	
  on	
  the	
  applicability	
  of	
   the	
  homeostatic	
  model	
  has	
  

also	
   been	
   demonstrated	
   behaviourally.	
   Jung	
   and	
   Ziemann	
   showed	
   that	
   LTP-­‐like	
  

increases	
   in	
   motor	
   cortical	
   excitability	
   induced	
   by	
   paired	
   associative	
   stimulation	
  

(PAS)	
  facilitated	
  subsequent	
  learning	
  of	
  a	
  thumb	
  flexion	
  movement	
  if	
  there	
  was	
  a	
  0	
  

minute	
   delay	
   between	
   protocols	
   (nonhomeostatic	
   interaction).	
   However,	
   if	
   there	
  

was	
   a	
   delay	
   of	
   90	
   minutes	
   between	
   the	
   two	
   protocols,	
   subsequent	
   learning	
   was	
  

decreased	
   (homeostatic	
   interaction)	
   (Jung	
   &	
   Ziemann,	
   2009).	
   That	
   results	
  

concerning	
  the	
  relevance	
  of	
  homoeostatic	
  mechanisms	
  to	
  plasticity	
  and	
  learning	
  are	
  

conflicting	
  behoves	
  further	
  investigation	
  into	
  the	
  matter.	
  	
  

	
   Evidence	
   from	
   animal	
   studies	
   suggests	
   that	
   homeostatic	
   plasticity	
   is	
  

synapse-­‐specific	
   (Huang	
   et	
   al.,	
   1992),	
   and	
   therefore	
   seen	
  most	
   clearly	
  when	
   both	
  

stimuli	
   directly	
   modulate	
   activity	
   across	
   the	
   same	
   synaptic	
   circuits.	
   Separate	
  

experiments	
  have	
  previously	
   reported	
  a	
  decrease	
   in	
   cortical	
  GABA	
   following	
  both	
  

anodal	
  tDCS	
  (Stagg	
  et	
  al.,	
  2009)	
  and	
  motor	
  learning	
  (Floyer-­‐Lea	
  et	
  al.,	
  2006),	
  leading	
  

to	
   the	
   tentative	
   hypothesis	
   that	
   GABAergic	
   synapses	
   may	
   act	
   as	
   the	
   site	
   of	
  

homeostatic	
   interactions	
   between	
   these	
   two	
   interventions.	
   Moreover,	
   using	
   TMS,	
  

both	
   anodal	
   tDCS	
   and	
   motor	
   learning	
   have	
   been	
   demonstrated	
   to	
   increase	
   MEP	
  

amplitude	
   and	
   decrease	
   inhibition,	
   when	
   performed	
   independently	
   of	
   each	
   other	
  

(Nitsche	
  &	
  Paulus,	
  2000;	
  Rosenkranz	
  &	
  Rothwell,	
  2006).	
  However,	
  no	
  study	
  to	
  date	
  

has	
  used	
  such	
  TMS	
  protocols	
  to	
  examine	
  the	
  homeostatic	
  interactions	
  between	
  tDCS	
  

and	
  motor	
  learning.	
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To	
   address	
   the	
   inconsistent	
   results	
   regarding	
   the	
   applicability	
   of	
   the	
   homeostatic	
  

model	
   to	
   plasticity-­‐inducing	
   protocols,	
   and	
   following	
   the	
   behavioural	
   results	
  

previously	
   reported	
   by	
   our	
   lab	
   in	
   (Stagg	
   et	
   al.,	
   2011b),	
   Experiment	
   1	
   sought	
   to	
  

understand	
  the	
  interaction	
  between	
  tDCS	
  application	
  and	
  motor	
  learning	
  by	
  asking	
  

the	
  following	
  four	
  questions:	
  

1.	
  What	
  effect	
  does	
  receiving	
  online	
  or	
  offline	
  anodal	
  tDCS	
  have	
  on	
  rates	
  and	
  

levels	
  of	
  learning?	
  

2.	
  Can	
  the	
  differential	
  effects	
  of	
  online	
  and	
  offline	
  anodal	
  tDCS	
  on	
  behaviour	
  

be	
  explained	
  by	
  changes	
  in	
  motor	
  cortical	
  excitability?	
  

3.	
  Can	
  the	
  differential	
  effects	
  of	
  online	
  and	
  offline	
  anodal	
  tDCS	
  on	
  behaviour	
  

be	
  explained	
  by	
  changes	
  in	
  motor	
  cortical	
  inhibition?	
  

4.	
  Are	
  GABAergic	
  homeostatic	
  processes	
   limited	
   to	
  synaptic	
  GABAA	
  activity,	
  

or	
  are	
  other	
  GABAergic	
  pools,	
  such	
  as	
  extrasynaptic	
  GABAA	
  activity,	
  involved	
  

in	
  the	
  creation	
  of	
  these	
  effects?	
  

Experiment	
  2	
  then	
  examined	
  whether	
  changes	
   in	
  these	
  measures	
  were	
  modulated	
  

by	
  the	
  level	
  of	
  task-­‐involvement	
  of	
  the	
  recorded	
  muscle.	
  

	
   Motor	
   evoked	
   potentials	
   (MEPs)	
   were	
   used	
   to	
   measure	
   motor	
   cortical	
  

excitability.	
  Specifically,	
  as	
  discussed	
  in	
  detail	
   in	
  Chapter	
  2.1,	
  we	
  used	
  single-­‐pulse	
  

TMS	
   to	
   give	
   a	
   measure	
   of	
   cortical	
   excitability	
   and	
   paired-­‐pulse	
   TMS	
   to	
   give	
  

measures	
   of	
   short-­‐interval	
   intracortical	
   inhibition	
   (SICI).	
   By	
   performing	
   SICI	
  

measurements	
  with	
  both	
  an	
  interstimulus	
  interval	
  of	
  1	
  ms	
  and	
  2.5	
  ms	
  we	
  aimed	
  to	
  

differentiate	
   between	
   inhibitory	
   effects	
   due	
   to	
   extrasynaptic	
   GABAA	
   tone,	
   as	
  

indicated	
  by	
  changes	
  in	
  1	
  ms	
  paired-­‐pulse	
  TMS,	
  or	
  modifications	
  in	
  synaptic	
  GABAA	
  

activity,	
   as	
   indicated	
  by	
   changes	
   in	
  2.5	
  ms	
  paired-­‐pulse	
  TMS	
   (Stagg	
  et	
   al.,	
   2011a).	
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Additionally,	
   in	
  Experiment	
  2,	
  simultaneous	
  recordings	
  from	
  three	
  muscles	
  during	
  

task	
   performance	
   were	
   used	
   to	
   establish	
   each	
   muscle’s	
   level	
   of	
   involvement	
   in	
  

execution	
  of	
  the	
  motor	
  task.	
  

	
   We	
  predicted	
  that	
  online	
  anodal	
  tDCS	
  would	
  enhance	
  learning,	
  while	
  offline	
  

anodal	
  tDCS	
  would	
  decrease	
  learning.	
  As	
  results	
  from	
  MRS	
  studies	
  suggest	
  that	
  the	
  

excitability	
  changes	
  induced	
  by	
  anodal	
  tDCS	
  and	
  by	
  motor	
  learning	
  may	
  be	
  due	
  to	
  a	
  

decrease	
   in	
   GABA	
   (Floyer-­‐Lea,	
   2006;	
   Stagg	
   et	
   al.,	
   2009),	
   we	
   expected	
   to	
   find	
  

decreased	
   inhibition	
   (as	
   measured	
   by	
   SICI)	
   both	
   following	
   tDCS	
   and	
   following	
  

learning	
   task	
   performance.	
   Task	
   performance	
   in	
   the	
   absence	
   of	
   stimulation	
   was	
  

anticipated	
   to	
   result	
   in	
   increased	
   excitability	
   as	
   measured	
   by	
   MEP	
   amplitude,	
   as	
  

reported	
  previously	
  (Rosenkranz	
  &	
  Rothwell,	
  2006).	
  	
  

	
  

5.2 METHODS	
  

Study	
  Design	
  

	
   Thirteen	
   healthy,	
   right-­‐handed	
   volunteers	
   participated	
   in	
   each	
   of	
   the	
   five	
  

sessions	
  of	
   this	
   study	
   (Figure	
  5.1).	
   Experiment	
  1	
   consisted	
  of	
   one	
   session	
  each	
  of	
  

paradigms	
  A	
  through	
  D;	
  the	
  order	
  of	
  sessions	
  was	
  counterbalanced	
  across	
  subjects	
  

and	
  each	
  session	
  was	
  separated	
  by	
  at	
   least	
  one	
  week.	
  Experiment	
  2	
  consisted	
  of	
  a	
  

single	
  session	
  of	
  paradigm	
  D.	
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Figure	
  5.1:	
   The	
  four	
  paradigms	
  used	
  in	
  this	
  study.	
  For	
  all	
  paradigms,	
  TMS	
  was	
  used	
  
at	
   three	
   timepoints	
   to	
  assess	
  motor	
  cortical	
  excitability	
  and	
   inhibition.	
  Between	
  these	
  
TMS	
   assessments,	
   two	
   20	
  minute	
   intervention	
   epochs	
  were	
   included,	
   the	
   content	
   of	
  
which	
  varied	
  across	
  paradigms	
  as	
  follows:	
  A)	
  Stimulation	
  alone,	
  followed	
  by	
  rest	
  (A-­‐R).	
  
B)	
   Stimulation	
   alone,	
   followed	
   by	
   task	
   (A-­‐T).	
   C)	
   Concurrent	
   stimulation	
   and	
   task,	
  
followed	
  by	
  rest	
  (AT-­‐R).	
  D)	
  Sham	
  tDCS,	
  followed	
  by	
  concurrent	
  sham	
  tDCS	
  and	
  task	
  (S-­‐
ST).	
  Experiment	
  1	
  used	
  all	
  4	
  paradigms;	
  experiment	
  2	
  used	
  paradigm	
  D,	
  S-­‐ST,	
  only.	
  
	
  

5.2.1 EXPERIMENT	
  1	
  

Overview	
  

	
   Neonatal	
  ECG	
  electrodes	
  (Tyco	
  Healthcare,	
  Germany)	
  were	
  used	
  to	
  measure	
  

EMG	
  responses	
  and	
  were	
  attached	
  to	
  the	
  participant’s	
  right	
  hand	
  on	
  the	
  first	
  dorsal	
  

interosseous	
  muscle	
  (FDI)	
  in	
  a	
  belly-­‐tendon	
  montage.	
  The	
  motor	
  hotspot	
  for	
  the	
  FDI	
  

was	
   then	
   identified	
   (defined	
   as	
   the	
   scalp	
   location	
   that	
   consistently	
   elicited	
  

maximum	
  MEPs	
  at	
  120%	
  of	
  resting	
  threshold)	
  and	
  was	
  marked	
  on	
  the	
  scalp.	
  TMS	
  

was	
   applied	
   over	
   the	
   demarcated	
   hand	
   area	
   using	
   a	
   70cm	
   figure-­‐of-­‐eight	
   coil	
  

attached	
  to	
  a	
  BiStim	
  module	
  connecting	
  two	
  monophasic	
  Magstim200	
  systems.	
  The	
  

coil	
  was	
   held	
   tangentially	
   to	
   the	
   scalp	
   and	
   rotated	
   45°	
   away	
   from	
   the	
  midline	
   to	
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ensure	
  optimal	
  neuronal	
  recruitment.	
  To	
  determine	
  the	
  participant’s	
  resting	
  motor	
  

threshold	
   (RMT),	
   single	
  pulses	
  of	
  TMS	
  were	
  given	
  at	
  varying	
   intensities	
  while	
   the	
  

subject	
  was	
   at	
   rest.	
   The	
   RMT1mV	
  was	
   defined	
   as	
   the	
   lowest	
   intensity	
   that	
   elicited	
  

peak-­‐to-­‐peak	
  MEP	
  amplitudes	
  of	
  1	
  mV	
  on	
  EMG	
  and	
  observable	
  twitches	
  in	
  the	
  hand.	
  

The	
  active	
  motor	
  threshold	
  (AMT)	
  was	
  determined	
  during	
  an	
  isometric	
  contraction	
  

of	
  approximately	
  20%	
  of	
  the	
  maximum	
  contraction,	
  and	
  was	
  defined	
  as	
  the	
  lowest	
  

intensity	
   that	
   produced	
   observable	
   MEPs	
   on	
   five	
   out	
   of	
   ten	
   trials.	
   Signal	
   for	
  

Windows	
   (Cambridge	
   Electronic	
   Design,	
   version	
   3.07)	
   was	
   used	
   to	
   record	
   the	
  

elicited	
  MEPs,	
  which	
  were	
  sampled	
  at	
  5	
  kHz,	
  amplified,	
  and	
  filtered	
  (10	
  Hz	
  to	
  1	
  kHz)	
  

using	
  a	
  CED	
  1902	
  amplifier	
  and	
  1401	
  analog	
  to	
  digital	
  converter.	
  

	
  

TMS	
  

	
   TMS	
  measures	
  were	
  recorded	
  three	
  times	
  in	
  each	
  experimental	
  session,	
  with	
  

the	
   hand	
   at	
   rest.	
   	
   In	
   each	
   TMS	
   block,	
   single	
   pulses	
   of	
   TMS	
  were	
   used	
   to	
   provide	
  

simple	
   measures	
   of	
   cortical	
   excitability	
   and	
   were	
   given	
   at	
   an	
   intensity	
   equal	
   to	
  

RMT1mV.	
  Paired-­‐pulse	
  TMS	
  paradigms	
  were	
  used	
  to	
  elicit	
  short-­‐interval	
  intracortical	
  

inhibition	
   (SICI)	
   using	
   interstimulus	
   intervals	
   (ISI)	
   of	
   1	
  ms	
   or	
   2.5	
  ms.	
   For	
   paired	
  

pulses,	
   the	
   conditioning	
  pulse	
  was	
   set	
   to	
  70%	
  of	
   each	
   subject’s	
  AMT,	
  and	
   the	
   test	
  

pulse	
  was	
  given	
  at	
  their	
  RMT1mV.	
  During	
  each	
  TMS	
  administration	
  a	
  total	
  of	
  60	
  TMS	
  

pulses	
  were	
   delivered:	
   30	
   single	
   pulses,	
   15	
   paired	
   pulses	
  with	
   a	
   1	
  ms	
   ISI	
   and	
   15	
  

paired	
  pulses	
  with	
  a	
  2.5	
  ms	
  ISI.	
  Pulses	
  were	
  administered	
  in	
  a	
  pseudo-­‐random	
  order	
  

as	
  generated	
  within	
  the	
  Signal	
  software.	
  In	
  the	
  event	
  that	
  the	
  participant’s	
  RMT1mV	
  

changed	
  within	
  a	
  session,	
  as	
  evidenced	
  by	
  MEPs	
  substantially	
  larger	
  or	
  smaller	
  than	
  

1	
  mV,	
   ten	
  single	
  pulses	
  were	
  acquired	
  at	
   the	
   initial	
  RMT1mV	
  and	
   the	
   intensity	
  was	
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then	
  decreased	
  until	
   the	
  elicited	
  MEPs	
  were	
  again	
  at	
  1	
  mV.	
  This	
  new	
  RMT1mV	
  was	
  

used	
  for	
  the	
  remainder	
  of	
  the	
  TMS	
  component.	
  

	
   MEP	
  analysis	
  was	
  conducted	
  on	
  each	
  block	
  separately.	
   	
  EMG	
  activity	
   in	
   the	
  

50ms	
  period	
  prior	
   to	
   the	
   first	
  TMS	
  pulse	
  was	
  analysed,	
  and	
  any	
   trace	
  with	
  visible	
  

pre-­‐contraction	
  of	
  the	
  FDI	
  was	
  excluded.	
  	
  Peak-­‐to-­‐peak	
  amplitudes	
  of	
  each	
  MEP	
  for	
  

all	
  three	
  pulse	
  types	
  were	
  then	
  calculated	
  separately	
  within	
  Signal.	
  For	
  each	
  block	
  of	
  

TMS	
   and	
   each	
   pulse	
   type	
   separately,	
   a	
   single	
   iteration	
   of	
   Grubbs’	
   test	
   with	
   a	
  

significance	
  level	
  of	
  0.05	
  was	
  performed.	
  Outliers	
  were	
  identified	
  and	
  subsequently	
  

discarded.	
  Any	
  remaining	
  MEPs	
  that	
  fell	
  outside	
  of	
  2	
  standard	
  deviations	
  from	
  the	
  

mean	
   were	
   also	
   excluded	
   from	
   the	
   analysis.	
   The	
  mean	
  MEP	
   amplitude	
   was	
   then	
  

computed	
   for	
   the	
   single	
   pulse	
   condition.	
   For	
   each	
   paired	
   pulse	
   administration,	
  

inhibition	
  was	
   calculated	
   as	
   the	
   conditioned	
  MEP	
   amplitude	
   divided	
   by	
   the	
  mean	
  

MEP	
   amplitude	
   from	
   the	
   single	
   (unconditioned)	
   pulses.	
   These	
   values	
   were	
   then	
  

used	
  to	
  determine	
  the	
  mean	
  inhibition	
  for	
  each	
  paired	
  pulse	
  condition.	
  All	
  statistics	
  

were	
  performed	
   in	
  SPSS	
   	
   (IBM,	
  version	
  19.0.0).	
  Repeated	
  measures	
  ANOVAs	
  were	
  

run,	
  followed	
  by	
  t-­‐tests	
  for	
  specific	
  comparisons.	
  

	
  

tDCS	
  

	
   Two	
   electrodes	
  measuring	
   5x7	
   cm	
  were	
   inserted	
   in	
   saline-­‐soaked	
   sheaths	
  

and	
  placed	
  on	
  the	
  scalp.	
  The	
  stimulating	
  electrode	
  was	
  centred	
  over	
  the	
  hand	
  area	
  

measured	
  as	
  5cm	
  lateral	
  to	
  Cz,	
  as	
  described	
  previously,	
  and	
  the	
  reference	
  electrode	
  

was	
   positioned	
   over	
   the	
   contralateral	
   supraorbital	
   ridge.	
   During	
   real	
   stimulation,	
  

1mA	
  anodal	
  tDCS	
  was	
  applied	
  for	
  20	
  minutes	
  via	
  a	
  DC-­‐stimulator	
  (Magstim	
  eldith).	
  

The	
   current	
   was	
   increased	
   at	
   the	
   beginning	
   of	
   stimulation	
   over	
   10	
   seconds	
   and	
  

diminished	
   over	
   10	
   seconds	
   at	
   the	
   end	
   of	
   the	
   stimulation	
   period.	
   For	
   the	
   sham	
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condition,	
   the	
   current	
   was	
   ramped	
   up	
   for	
   10	
   seconds	
   and	
   then	
   turned	
   off.	
   For	
  

sessions	
   during	
  which	
   tDCS	
  was	
   applied	
   concurrently	
  with	
   the	
   learning	
   task,	
   the	
  

electrodes	
  were	
  attached	
  first,	
  and	
  the	
  current	
  was	
  allowed	
  to	
  ramp	
  up	
  fully	
  prior	
  to	
  

the	
  participant	
   starting	
   the	
   learning	
   task.	
   	
  The	
  current	
   ran	
   for	
   the	
  duration	
  of	
   the	
  

task	
  and	
  was	
  allowed	
  to	
  run	
  and	
  ramp	
  down	
  after	
  the	
  task	
  had	
  ceased.	
  	
  	
  

	
  

Motor	
  Task	
  

	
   Participants	
   performed	
   a	
   visually-­‐cued	
   explicit	
   sequence	
   learning	
   task	
  

lasting	
  approximately	
  20	
  minutes.	
  Participants	
  held	
  a	
  button-­‐box	
  in	
  their	
  right	
  hand,	
  

and	
  Presentation	
  (Neurobehavioral	
  Systems,	
  Version	
  14.9)	
  was	
  used	
  to	
  display	
  four	
  

horizontal	
   bars,	
   each	
   of	
   which	
   corresponded	
   to	
   a	
   button	
   on	
   the	
   button-­‐box.	
   The	
  

participants	
  were	
  told	
  that	
  when	
  a	
  bar	
  changed	
  into	
  an	
  asterisk,	
  they	
  were	
  to	
  press	
  

the	
   corresponding	
   button	
   as	
   quickly	
   and	
   accurately	
   as	
   possible.	
   They	
   were	
   also	
  

informed	
  that	
  these	
  button	
  presses	
  would	
  form	
  a	
  sequence	
  that	
  was	
  10	
  cues	
   long,	
  

and	
  that	
  they	
  should	
  try	
  to	
  learn	
  the	
  sequence	
  of	
  these	
  button	
  presses.	
  There	
  were	
  

15	
  sequence	
  blocks.	
  During	
  each	
  block,	
  the	
  sequence	
  repeated	
  three	
  times,	
  giving	
  a	
  

total	
   of	
   30	
  button	
  presses	
   per	
   block.	
   There	
  were	
   two	
  blocks	
   (1st	
   and	
  15th	
   blocks)	
  

that	
  consisted	
  of	
  30	
  visual	
  cues	
  appearing	
   in	
  a	
  pseudo-­‐random	
  order.	
  Participants	
  

were	
  alerted,	
  via	
  the	
  words	
  “Sequence”	
  or	
  “Random”	
  appearing	
  on	
  the	
  screen,	
  as	
  to	
  

which	
  type	
  of	
  block	
  was	
  to	
  follow.	
  Four	
  sequences	
  of	
  equal	
  difficulty	
  were	
  used	
  in	
  

an	
  order	
  counter-­‐balanced	
  across	
  the	
  group;	
  each	
  sequence	
  was	
  constrained	
  to	
  the	
  

same	
   ratio	
   of	
   button	
   presses	
   (3:3:2:2),	
   to	
   control	
   for	
   reaction	
   time	
   differences	
  

between	
  fingers.	
  	
  

	
   Offline,	
   the	
   number	
   of	
   correct	
   button	
   presses	
   was	
   tallied	
   for	
   each	
   block.	
  

Anticipatory	
   responses,	
   i.e.	
   those	
   that	
   occurred	
   prior	
   to	
   the	
   cue,	
   were	
   discarded.	
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Reaction	
  time	
  was	
  calculated	
  as	
  the	
  time	
  from	
  cue	
  onset	
  to	
  button	
  press.	
  Reaction	
  

times	
   falling	
   out	
   of	
  ±2	
   standard	
   deviations	
   from	
   the	
   mean	
   were	
   also	
   excluded.	
  

Change	
  in	
  reaction	
  times	
  (ΔRT)	
  was	
  defined	
  as	
  the	
  ratio	
  of	
  the	
  mean	
  reaction	
  time	
  

for	
  that	
  block	
  to	
  the	
  mean	
  reaction	
  time	
  for	
  the	
  first	
  learning	
  block	
  (block	
  2).	
  The	
  Δ

RT	
  for	
  all	
  of	
   the	
  sequence	
  blocks	
  were	
   then	
   fed	
   into	
  a	
  3	
  by	
  15	
  repeated	
  measures	
  

ANOVA	
  including	
  factors	
  of	
  stimulation	
  type	
  (A-­‐T,	
  AT-­‐R,	
  and	
  S-­‐ST)	
  and	
  time.	
  

	
  

5.2.2 EXPERIMENT	
  2	
  

Overview	
  

	
   Experiment	
   2	
   consisted	
   of	
   a	
   single	
   session	
   of	
   paradigm	
   D,	
   the	
   sham	
  

stimulation,	
   control	
   condition	
   (see	
   Figure	
   5.1).	
   Neonatal	
   ECG	
   electrodes	
   were	
  

attached	
  to	
  three	
  muscles	
  of	
  the	
  participant’s	
  right	
  hand	
  to	
  measure	
  EMG	
  responses:	
  

the	
  FDI	
  as	
  above,	
  the	
  abductor	
  pollicis	
  brevis	
  (APB),	
  and	
  the	
  abductor	
  digiti	
  minimi	
  

(ADM).	
   Localization	
   of	
   the	
   hand	
   area,	
   establishment	
   of	
   motor	
   thresholds,	
   TMS	
  

application,	
  and	
  performance	
  of	
  the	
  motor	
  task	
  proceeded	
  as	
  in	
  Experiment	
  1.	
  Data	
  

from	
   three	
  participants	
  were	
   excluded,	
   as	
   simultaneous	
   recordings	
   from	
  all	
   three	
  

muscles	
  could	
  not	
  be	
  reliably	
  achieved.	
  

	
  

Motor	
  Activity	
  Recording	
  

	
   Activity	
  was	
   recorded	
   from	
  each	
  of	
   the	
   three	
  muscles	
   (FDI,	
  APB,	
  ADM)	
   for	
  

the	
   duration	
   of	
   performance	
   of	
   the	
   motor	
   sequence	
   learning	
   task.	
   Spike2	
   for	
  

Windows	
   (Cambridge	
   Electronic	
   Design,	
   version	
   6.00)	
   was	
   used	
   to	
   analyse	
   this	
  

activity,	
  which	
  was	
   sampled	
   at	
   3.33	
   kHz,	
   amplified,	
   and	
   filtered	
   (10	
  Hz	
   to	
   1	
   kHz)	
  

using	
   a	
   CED	
   1902	
   amplifier	
   and	
   1401	
   analog	
   to	
   digital	
   converter.	
   Each	
   muscle’s	
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waveform	
   was	
   separated	
   into	
   blocks	
   during	
   which	
   the	
   sequence	
   was	
   being	
  

performed	
   (“active”),	
   and	
   rest	
   blocks	
   in	
  which	
   the	
   hand	
  was	
   held	
   still	
   (“rest”).	
   A	
  

partial	
  waveform,	
   illustrating	
   both	
   active	
   and	
   rest	
   blocks,	
   is	
   shown	
   in	
   Figure	
   5.2.	
  

Mean	
   activity	
   during	
   each	
   block	
   was	
   extracted	
   from	
   Spike2,	
   and	
   statistics	
  

performed	
  in	
  SPSS.	
  

	
  
Figure	
  5.2:	
   Partial	
   waveform	
   from	
   one	
   participant.	
   The	
   three	
   channels,	
   recording	
  
from	
  the	
  FDI,	
  APB,	
  and	
  ADM	
  are	
  illustrated.	
  Between	
  the	
  vertical	
  black	
  bars	
  is	
  an	
  active	
  
block	
  of	
  sequence	
  tapping;	
  between	
  red	
  bars	
   is	
  a	
  rest	
  block.	
  The	
  x-­‐axis	
  shows	
  time	
  (in	
  
seconds);	
  the	
  y-­‐axis	
  gives	
  the	
  amplitude	
  of	
  the	
  EMG	
  response	
  (in	
  mV).	
  	
  	
  
	
  

5.3 RESULTS	
  

5.3.1 EXPERIMENT	
  1	
  

Differential	
  effects	
  of	
  online	
  and	
  offline	
  tDCS	
  on	
  motor	
  learning	
  

	
   Reaction	
   times	
   for	
   performance	
   of	
   the	
   task	
   decreased	
   over	
   time	
   in	
   all	
  

sessions,	
  indicating	
  that	
  the	
  paradigms	
  resulted	
  in	
  learning	
  of	
  the	
  task	
  (RM-­‐ANOVA;	
  

main	
  effect	
  of	
  time:	
  F(14,168)=14.516,	
  p<0.001)	
  (Figure	
  5.3).	
  However,	
  the	
  degree	
  

of	
  learning	
  was	
  not	
  equivalent	
  for	
  the	
  three	
  paradigms	
  (RM-­‐ANOVA,	
  main	
  effect	
  of	
  

paradigm:	
   F(2,24)=4.383,	
   p=0.024).	
   Offline	
   stimulation	
   (A-­‐T)	
   led	
   to	
   decreased	
  

learning	
  when	
   compared	
   to	
   control	
   (S-­‐ST)	
   (RM-­‐ANOVA,	
  main	
   effect	
   of	
   paradigm:	
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F(1,12)=4.900,	
  p=0.047)	
  and	
  to	
  online	
  stimulation	
  (AT-­‐R)	
  (RM-­‐ANOVA,	
  main	
  effect	
  

of	
   paradigm:	
   F(1,12)=4.877,	
   p=0.047).	
   Learning	
   did	
   not	
   differ	
   between	
   online	
  

stimulation	
   (AT-­‐R)	
   and	
   control	
   (S-­‐ST)	
   (RM-­‐ANOVA,	
   main	
   effect	
   of	
   paradigm:	
  

F(1,12)=.004,	
  p=0.949).	
  

	
  
Figure	
  5.3:	
   Reaction	
  times	
  during	
  the	
  learning	
  blocks	
  of	
  the	
  motor	
  task.	
  Offline	
  tDCS	
  
(A-­‐T)	
  led	
  to	
  decreased	
  learning	
  compared	
  to	
  online	
  tDCS	
  (AT-­‐R)	
  and	
  control	
  (S-­‐ST).	
  The	
  
two	
  blocks	
  containing	
  random	
  sequences	
  (before	
  Block	
  1	
  and	
  after	
  Block	
  13)	
  have	
  been	
  
excluded.	
  Error	
  bars	
  ±1	
  SEM.	
  
	
  

Cortical	
  excitation	
  is	
  modulated	
  by	
  tDCS	
  and	
  by	
  task	
  performance	
  

	
   As	
  expected,	
   twenty	
  minutes	
  of	
  anodal	
   tDCS	
  alone	
   (i.e.,	
   as	
  delivered	
  during	
  

the	
  first	
  phase	
  of	
  the	
  A-­‐R	
  condition,	
  see	
  Figure	
  5.1)	
  increased	
  cortical	
  excitability,	
  as	
  

measured	
  by	
  increased	
  MEP	
  size	
  (t(12)=2.880,	
  p=0.014).	
  However,	
  this	
  excitability	
  

increase	
   was	
   not	
   seen	
   when	
   anodal	
   tDCS	
   was	
   delivered	
   concurrently	
   with	
   task	
  

performance	
  (AT-­‐R)	
  (t(12)=0.077,	
  p=0.940),	
  and	
  there	
  was	
  a	
  significant	
  difference	
  

in	
  the	
  change	
  in	
  MEP	
  size	
  between	
  the	
  two	
  paradigms	
  (RM-­‐ANOVA,	
  paradigm*time:	
  



	
   155	
  

F(1,12)=5.307,	
   p=0.040)	
   (Figure	
   5.4A).	
   In	
   order	
   to	
   more	
   easily	
   visualise	
   the	
  

excitability	
  changes	
  induced	
  by	
  tDCS,	
  the	
  ratio	
  of	
  MEP	
  size	
  after	
  stimulation	
  to	
  that	
  

prior	
   to	
   stimulation	
   was	
   also	
   calculated	
   (Figure	
   5.4B).	
   A	
   significant	
   difference	
  

between	
   the	
   two	
   paradigms	
   was	
   found	
   (t(12)=2.319,	
   p=0.039).	
   For	
   anodal	
   tDCS	
  

alone,	
  increased	
  excitability	
  following	
  anodal	
  tDCS	
  was	
  demonstrated,	
  as	
  indicated	
  

by	
   an	
  MEP	
   ratio	
   significantly	
   greater	
   than	
   1.	
   This	
  was	
   not	
   the	
   case	
  when	
   anodal	
  

tDCS	
  was	
  given	
  concurrently	
  with	
  the	
  motor	
  task	
  (A-­‐R:	
  t(12)=2.561,	
  p=0.025;	
  AT-­‐R:	
  

t(12)=0.064,	
  p=0.950)	
  (Figure	
  5.4B).	
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Figure	
  5.4:	
   Anodal	
  tDCS	
  increases	
  cortical	
  excitability.	
  A)	
  Anodal	
  tDCS	
  increases	
  MEP	
  
size,	
   an	
   effect	
   that	
   is	
   not	
   seen	
   if	
   stimulation	
   is	
   applied	
   concurrently	
   with	
   task	
  
performance	
  (online	
  tDCS,	
  AT-­‐R.	
  B)	
   Increase	
   in	
  excitation	
  expressed	
  as	
  a	
  ratio	
  of	
  post-­‐
stimulation	
  to	
  pre-­‐stimulation	
  MEP	
  size.	
  Error	
  bars	
  ±1	
  SEM.	
  
	
  

AT-­‐R	
  
A-­‐R	
  

A-­‐R	
   AT-­‐R	
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Next,	
  we	
  asked	
  what	
  effect	
  task	
  performance	
  had	
  on	
  cortical	
  excitability	
  (Figure	
  5.5).	
  

A	
   RM-­‐ANOVA	
   comparing	
  MEP	
   size	
   before	
   and	
   after	
   task	
   performance	
   showed	
   no	
  

significant	
   difference	
   between	
   paradigms	
   (RM-­‐ANOVA,	
   main	
   effect	
   of	
   paradigm:	
  

F(2,24)=	
  1.615,	
  p=0.220),	
  though	
  a	
  trend	
  toward	
  an	
  effect	
  of	
  time	
  was	
  noted	
  (RM-­‐

ANOVA,	
  main	
  effect	
  of	
  time:	
  F(1,12)=	
  4.124,	
  p=0.065).	
  However,	
  as	
  we	
  had	
  a	
  strong	
  

a	
  priori	
  hypothesis	
   that	
   task	
  performance	
  would	
  modulate	
  cortical	
  excitability,	
  we	
  

proceeded	
   to	
   perform	
   t-­‐tests	
   within	
   each	
   paradigm.	
   Contrary	
   to	
   the	
   previously	
  

reported	
   increase	
   in	
  MEP	
   size	
   following	
  motor	
   learning	
   (Rosenkranz	
  &	
   Rothwell,	
  

2006),	
   performance	
   of	
   the	
   task	
   in	
   the	
   absence	
   of	
   stimulation	
   (i.e.,	
   S-­‐ST)	
   led	
   to	
   a	
  

significant	
   decrease	
   in	
  MEP	
   size	
   (t(12)=2.800,	
   p=0.016)	
   (Figure	
   5.5A).	
   This	
   effect	
  

was	
   not	
   present	
   when	
   the	
   task	
   was	
   performed	
   either	
   during	
   anodal	
   stimulation	
  

(AT-­‐R:	
  t(12)=0.077,	
  p=0.940)	
  or	
  after	
  stimulation	
  (A-­‐T:	
  t(12)=0.772,	
  p=0.297).	
  	
  	
  

	
   To	
   better	
   visualize	
   the	
   changes	
   in	
   cortical	
   excitability	
   induced	
   by	
   task	
  

performance,	
   the	
   ratio	
   of	
   the	
   MEP	
   size	
   after	
   task	
   performance	
   to	
   before	
   task	
  

performance	
   was	
   analysed.	
   This	
   approach	
   showed	
   a	
   strong	
   trend	
   toward	
   motor	
  

learning	
  leading	
  to	
  a	
  decrease	
  in	
  excitability	
  for	
  task	
  performance	
  in	
  the	
  absence	
  of	
  

stimulation	
  (S-­‐ST:	
  t(12)=2.084,	
  p=0.059)	
  (Figure	
  5.5B).	
  As	
  previously,	
  no	
  such	
  effect	
  

was	
  found	
  for	
  MEP	
  amplitude	
  when	
  task	
  performance	
  followed	
  stimulation	
  (A-­‐T)	
  or	
  

was	
   concurrent	
   with	
   stimulation	
   (AT-­‐R)	
   (A-­‐T:	
   t(12)=0.297,	
   p=0.771;	
   AT-­‐R:	
  

t(12)=0.064,	
  p=0.950)	
  (Figure	
  5.5B).	
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Figure	
  5.5:	
   Task	
  performance	
  decreases	
   cortical	
   excitability.	
  A)	
  Performance	
  of	
   the	
  
task	
   alone	
   (S-­‐ST)	
   decreases	
  MEP	
   size,	
   an	
   effect	
   that	
   is	
   not	
   present	
   if	
   anodal	
   tDCS	
   is	
  
applied	
   prior	
   to	
   (A-­‐T)	
   or	
   concurrent	
   with	
   (AT-­‐R)	
   task	
   performance.	
   B)	
   Changes	
   in	
  
excitation	
  expressed	
  as	
  a	
  ratio	
  of	
  post-­‐	
  to	
  pre-­‐	
  task	
  performance	
  MEP	
  size.	
  Error	
  bars	
  ±1	
  
SEM.	
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Cortical	
  Inhibition:	
  1	
  and	
  2.5	
  ms	
  SICI	
  

	
   We	
  then	
  went	
  on	
  to	
  look	
  at	
  the	
  effects	
  of	
  stimulation	
  and	
  task	
  performance	
  

on	
  measures	
  of	
   inhibition.	
  A	
  RM-­‐ANOVA	
  comparing	
  SICI	
  before	
   and	
  after	
   the	
   two	
  

stimulation	
  conditions	
  (as	
  administered	
  during	
  the	
  first	
  portions	
  of	
  the	
  A-­‐R	
  and	
  AT-­‐

R	
   paradigms)	
   showed	
   a	
   main	
   effect	
   of	
   SICI	
   Type	
   (F(1,12)=16.961,	
   p=0.001).	
   A	
  

similar	
   RM-­‐ANOVA	
   investigating	
   the	
   effects	
   of	
   task	
   performance	
   on	
   SICI	
   also	
  

showed	
  a	
  main	
  effect	
  of	
  SICI	
  type	
  (F(1,12)=9.961,	
  p=0.008).	
  Because	
  of	
  these	
  results,	
  

and	
   the	
  mechanistic	
   independence	
  of	
  1	
  and	
  2.5	
  ms	
  SICI,	
   the	
  effects	
  of	
   stimulation	
  

and	
  task	
  performance	
  were	
  analysed	
  for	
  each	
  SICI	
  type	
  separately.	
  

	
  

Cortical	
  inhibition:	
  1	
  ms	
  SICI	
  

	
   We	
  first	
  investigated	
  the	
  effects	
  of	
  stimulation	
  on	
  1	
  ms	
  SICI.	
  Neither	
  anodal	
  

tDCS	
  alone	
  nor	
  anodal	
  tDCS	
  delivered	
  concurrently	
  with	
  task	
  performance	
  affected	
  

levels	
  of	
  1	
  ms	
  SICI	
  (RM-­‐ANOVA,	
  main	
  effect	
  of	
  paradigm:	
  F(1,12)=0.487,	
  p=0.499).	
  A	
  

comparison	
   of	
   1	
   ms	
   SICI	
   levels	
   before	
   and	
   after	
   task	
   performance	
   showed	
   a	
  

significant	
  effect	
  of	
  time	
  across	
  the	
  three	
  task	
  conditions	
  (RM-­‐ANOVA,	
  main	
  effect	
  of	
  

time:	
  F(1,12)=6.073,	
  p=0.030).	
  Given	
   the	
  apparent	
   lack	
  of	
   specificity	
  of	
   this	
  effect,	
  

we	
   then	
   inquired	
  whether	
   it	
   could	
   be	
   due	
   to	
   the	
   passage	
   of	
   time,	
   independent	
   of	
  

task	
  performance.	
  We	
  analysed	
  the	
  sham	
  only	
  condition	
  (i.e.,	
  the	
  first	
  portion	
  of	
  the	
  

S-­‐ST	
  paradigm),	
  and	
  found	
  no	
  change	
  over	
  time	
  in	
  1	
  ms	
  SICI	
  (t(12)=0.299,	
  p=0.770).	
  

Subsequent	
  t-­‐tests	
  to	
  determine	
  the	
  relative	
  strengths	
  of	
  this	
  effect	
  in	
  the	
  three	
  task	
  

conditions	
  did	
  not	
   identify	
   any	
   significant	
   differences	
  between	
  pre-­‐	
   and	
  post-­‐task	
  

levels	
   of	
   1	
  ms	
   SICI	
   (S-­‐ST:	
   t(12)=0.314,	
   p=0.759;	
  AT-­‐R:	
   t(12)=0.670,	
   p=0.516;	
  A-­‐T:	
  

t(12)=1.728,	
  p=0.110).	
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Task	
  performance	
  affects	
  cortical	
  inhibition:	
  2.5	
  ms	
  SICI	
  

	
   An	
  identical	
  series	
  of	
  analysis	
  to	
  above	
  was	
  then	
  performed	
  for	
  2.5	
  ms	
  SICI.	
  

Stimulation	
  did	
  not	
   significantly	
  modulate	
  2.5	
  ms	
  SICI,	
   although	
  a	
   trend	
   toward	
  a	
  

differential	
   effect	
   of	
   paradigms	
   was	
   noted	
   (RM-­‐ANOVA,	
   main	
   effect	
   of	
   paradigm:	
  

F(1,12)=2.737,	
   p=0.124).	
   Task	
   performance	
   did	
   modulate	
   inhibition	
   levels	
   (RM-­‐

ANOVA,	
   main	
   effect	
   of	
   time:	
   F(1,12)=8.132,	
   p=0.015).	
   Although	
   no	
   interactions	
  

were	
   found,	
   exploratory	
   t-­‐tests	
  were	
   performed	
   to	
   determine	
  which	
   paradigm,	
   if	
  

any,	
  was	
  driving	
  this	
  effect.	
  No	
  significant	
  effect	
  of	
  task	
  performance	
  on	
  2.5ms	
  SICI	
  

was	
  found	
  in	
  the	
  absence	
  of	
  stimulation	
  (S-­‐ST:	
  t(12)=0.502,	
  p=0.625),	
  nor	
  when	
  the	
  

task	
   was	
   performed	
   during	
   stimulation	
   (AT-­‐R:	
   t(12)=0.785,	
   p=0.448).	
   However,	
  

performance	
   of	
   the	
   task	
   after	
   stimulation	
   showed	
   a	
   significant	
   increase	
   in	
   2.5ms	
  

SICI	
   (A-­‐T:	
   t(12)=2.983,	
   p=0.011).	
   (Figure	
   5.6,	
   note	
   that	
   smaller	
   values	
   reflect	
  

greater	
   inhibition.)	
   For	
   this	
   paradigm	
   (A-­‐T),	
   a	
   trend	
   toward	
   post-­‐task	
   inhibition	
  

being	
   greater	
   than	
  baseline	
   inhibition	
   (i.e.,	
   at	
   the	
  beginning	
  of	
   the	
   session,	
   before	
  

tDCS	
  application)	
  was	
  noted	
  (t(12)=1.850,	
  p=0.089),	
  suggesting	
  that	
  this	
  increase	
  in	
  

inhibition	
  was	
  not	
  simply	
  a	
  natural	
  return	
  to	
  baseline.	
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Figure	
  5.6:	
   Task	
  performance	
  increases	
  cortical	
  inhibition.	
  Anodal	
  tDCS	
  applied	
  prior	
  
to	
  task	
  performance	
  (A-­‐T),	
  increases	
  inhibition	
  as	
  measured	
  by	
  2.5	
  ms	
  SICI	
  following	
  the	
  
task.	
  Error	
  bars	
  ±1	
  SEM.	
  
	
  

5.3.2 EXPERIMENT	
  2	
  

Muscle	
  activity	
  during	
  task	
  performance	
  

	
   Given	
   the	
   unexpected	
   finding	
   of	
   decreased	
   MEP	
   size	
   following	
   task	
  

performance	
   (Figure	
   5.5),	
  we	
   examined	
  whether	
   the	
   effect	
   could	
   be	
   attributed	
   to	
  

the	
  level	
  of	
  FDI	
  involvement	
  in	
  performance	
  of	
  the	
  motor	
  task.	
  Recordings	
  from	
  the	
  

FDI,	
  APB	
  (a	
  muscle	
  not	
  involved	
  in	
  tapping	
  the	
  sequence),	
  and	
  ADM	
  (a	
  muscle	
  more	
  

directly	
   involved	
   in	
   tapping	
   the	
   sequence)	
  were	
  analysed.	
   It	
  was	
  noted	
   that,	
   even	
  

during	
  the	
  rest	
  blocks,	
  there	
  was	
  activity	
  within	
  all	
  muscles,	
  potentially	
  reflective	
  of	
  

the	
  grip	
  force	
  required	
  to	
  hold	
  the	
  button	
  box	
  in	
  hand.	
  This	
  was	
  not	
  the	
  case	
  when	
  

MEPs	
  were	
  recorded	
  in	
  the	
  intervals	
  surrounding	
  task	
  performance	
  (as	
  reported	
  in	
  

the	
   previous	
   and	
   following	
   sections):	
   during	
   these	
   periods,	
   subjects	
   were	
   not	
  

required	
   to	
  hold	
   the	
  button	
  box	
   and	
  background	
  muscle	
   activity	
  was	
  near	
   zero—
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any	
  traces	
  in	
  which	
  muscle	
  activity	
  was	
  observed	
  on	
  the	
  EMG	
  prior	
  to	
  the	
  TMS	
  pulse	
  

were	
  excluded.	
  

	
  

	
   A	
   RM-­‐ANOVA	
   demonstrated	
   that	
   the	
   overall	
   levels	
   of	
   activity	
   differed	
  

between	
   muscles	
   (main	
   effect	
   of	
   muscle:	
   F(2,18)=15.596,	
   p<0.001,	
   Figure	
   5.7A).	
  

Moreover,	
  a	
  main	
  effect	
  of	
  task	
  was	
  also	
  found	
  (F(1,9)=27,998,	
  p<0.001),	
  suggesting	
  

different	
   amounts	
   of	
   activity	
   during	
   the	
   active	
   and	
   rest	
   blocks	
   (Figure	
   5.7A).	
  

Subsequent	
  t-­‐tests	
  showed	
  that	
  all	
  muscles	
  increased	
  their	
  activity	
  during	
  the	
  active	
  

blocks	
   compared	
   to	
   rest	
   blocks	
   (FDI:	
   t(9)=2.894,	
   p=0.018;	
   APB:	
   t(9)=5.955,	
  

p<0.001;	
  ADM:	
  t(9)=6.674,	
  p<0.001).	
  When	
  comparing	
  activity	
  in	
  each	
  of	
  the	
  three	
  

muscles,	
   a	
   strong	
   trend	
   toward	
  differential	
  effects	
  of	
   task	
  performance	
  was	
   found	
  

(RM-­‐ANOVA,	
   muscle	
   by	
   task	
   interaction:	
   F(2,18)=3.373,	
   p=0.057).	
   We	
   then	
  

compared	
  the	
  percent	
  increase	
  in	
  activity	
  from	
  rest	
  to	
  active	
  in	
  each	
  pair	
  of	
  muscles	
  

(Figure	
  5.7B).	
  The	
  ADM	
  showed	
  a	
  significantly	
  larger	
  increase	
  in	
  activity	
  from	
  rest	
  

to	
  active	
  blocks	
  when	
  compared	
  to	
  both	
  the	
  FDI	
  and	
  APB	
  (FDI:	
  t(9)=5.457,	
  p<0.001;	
  

APB	
  t(9)=2.717,	
  p=0.024).	
  There	
  was	
  no	
  difference	
  between	
  the	
  activity	
  increase	
  in	
  

the	
   FDI	
   and	
   APB	
   (t(9)=1.020,	
   p=0.334),	
   suggesting	
   that	
   activity	
   in	
   the	
   FDI	
   more	
  

closely	
  resembles	
  that	
  of	
  an	
  uninvolved	
  muscle,	
  the	
  APB,	
  than	
  in	
  a	
  muscle	
  directly	
  

involved	
  in	
  learning	
  the	
  task,	
  the	
  ADM.	
  



	
   163	
  

	
  

	
  

Figure	
  5.7:	
   The	
  FDI,	
  APB,	
  and	
  ADM	
  are	
  differentially	
  active	
  during	
  task	
  performance.	
  
A)	
  All	
  three	
  muscles	
  increase	
  their	
  activity	
  during	
  active	
  blocks	
  of	
  the	
  task	
  compared	
  to	
  
rest.	
   B)	
   The	
   ADM	
   shows	
   a	
   significantly	
   larger	
   increase	
   in	
   activity	
   from	
   rest	
   to	
   active	
  
blocks	
  than	
  the	
  FDI	
  or	
  APB.	
  Error	
  bars	
  ±1	
  SEM.	
  	
  Mean	
  activity	
  is	
  given	
  in	
  mV.	
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Level	
  of	
  muscle	
  involvement	
  affects	
  task-­induced	
  excitation	
  changes	
  

	
   In	
  Experiment	
  1,	
  we	
  observed	
  a	
  decrease	
   in	
   cortical	
   excitability	
  within	
   the	
  

FDI	
  during	
  task	
  performance	
  in	
  the	
  	
  absence	
   of	
   stimulation.	
   We	
   wished	
   to	
  

investigate	
   whether	
   this	
   decrease	
   was	
   specific	
   to	
   the	
   FDI,	
   or	
   whether	
   similar	
  

decreases	
   in	
   cortical	
   excitability	
   within	
   other	
   muscle	
   representations	
   could	
   be	
  

demonstrated.	
  When	
  comparing	
  measures	
  of	
  cortical	
  excitability	
  before	
  versus	
  after	
  

the	
   task	
   for	
  each	
  muscle	
   separately,	
  we	
  did	
  not	
   find	
  a	
  main	
  effect	
  of	
  muscle	
  or	
  of	
  

time,	
   but	
   we	
   noted	
   a	
   significant	
   differential	
   effect	
   of	
   task-­‐induced	
   excitability	
  

changes	
   between	
  muscles	
   (RM-­‐ANOVA,	
  muscle*time:	
   F(2,18)=4.865,	
   p=0.020).	
   To	
  

determine	
   which	
   muscles	
   were	
   driving	
   this	
   interaction,	
   RM-­‐ANOVAs	
   between	
  

muscle	
  pairs	
  were	
  performed.	
  A	
  strong	
  trend	
  toward	
  a	
  difference	
  between	
  the	
  FDI	
  

and	
   ADM	
   was	
   found	
   (muscle*time:	
   F(1,9)=4.905,	
   p=0.054),	
   suggesting	
   that	
  

excitability	
  in	
  the	
  FDI	
  was	
  affected	
  differently	
  than	
  in	
  a	
  muscle	
  directly	
  involved	
  in	
  

task	
   performance	
   (the	
   ADM).	
   Moreover,	
   a	
   significant	
   difference	
   between	
   the	
   FDI	
  

and	
   APB	
  was	
   also	
   found	
   (muscle*time:	
   F(1,9)=9.419,	
   p=0.013),	
   implying	
   that	
   the	
  

FDI	
  was	
  affected	
  differently	
   than	
  a	
  primarily	
  uninvolved	
  muscle	
  (APB).	
  There	
  was	
  

no	
   difference	
   between	
   the	
   APB	
   and	
   ADM	
   (muscle*time:	
   F(1,9)=0.058,	
   p=0.598).	
  

Although	
  the	
  ANOVA’s	
  suggest	
  that	
  the	
  effects	
  of	
  task	
  on	
  excitability	
  vary	
  between	
  

muscles,	
  subsequent	
  t-­‐tests	
  revealed	
  no	
  significant	
  differences	
   in	
  excitation	
  before	
  

and	
  after	
  task	
  performance	
  for	
  any	
  muscle	
  (FDI:	
   t(9)=	
  1.364,	
  p=0.206;	
  APB:	
  t(9)=-­‐

0.571,	
  p=0.582;	
  ADM:	
  t(9)=0.624,	
  p=0.548)	
  (Figure	
  5.8).	
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Figure	
  5.8:	
   Excitability	
  changes	
  following	
  task	
  performance.	
  Excitation	
  of	
  the	
  FDI	
  was	
  
differentially	
  changed	
  by	
  task	
  performance	
  when	
  compared	
  to	
  the	
  APB	
  and	
  ADM.	
  There	
  
was	
  a	
  significant	
  difference	
  between	
  the	
  FDI	
  and	
  APB,	
  and	
  a	
  strong	
  trend	
  between	
  the	
  
FDI	
  and	
  ADM.	
  There	
  was	
  no	
  difference	
  between	
  the	
  APB	
  and	
  ADM.	
  The	
  FDI	
  showed	
  a	
  
decrease	
   in	
   excitability,	
   as	
   in	
   Experiment	
   1,	
   but	
   this	
   change	
   was	
   not	
   statistically	
  
significant	
  here.	
  Error	
  bars	
  ±1	
  SEM.	
  
	
  

5.4 DISCUSSION	
  

	
   This	
   study	
   investigated	
   the	
   interaction	
   between	
   the	
   timing	
   of	
   tDCS	
  

application	
   and	
   motor	
   learning,	
   and	
   the	
   corresponding	
   effect	
   on	
   cortical	
  

neurophysiology.	
   In	
   line	
   with	
   the	
   theory	
   of	
   homeostatic	
   plasticity,	
   the	
   effects	
   of	
  

tDCS	
   on	
   motor	
   learning	
   were	
   dependent	
   on	
   the	
   relative	
   timing	
   of	
   the	
   two	
  

interventions.	
  Applying	
  excitatory	
  anodal	
   tDCS	
  prior	
   to	
   task	
  performance	
  resulted	
  

in	
  decreased	
   learning,	
  whereas	
  applying	
  anodal	
   tDCS	
  during	
  task	
  performance	
   led	
  

to	
  no	
   change	
   in	
  behaviour.	
  These	
   timing-­‐dependent	
  behavioural	
   effects	
  were	
   also	
  

seen	
  in	
  neurophysiological	
  measures:	
  applying	
  anodal	
  tDCS	
  alone	
  led	
  to	
  a	
  significant	
  

increase	
   in	
   cortical	
   excitability,	
   as	
   previously	
   reported,	
   but	
   when	
   delivered	
  

conccurently	
  with	
  motor	
  learning,	
  no	
  significant	
  effects	
  were	
  seen.	
  	
  Finally,	
  cortical	
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inhibition	
   was	
   not	
   changed	
   by	
   application	
   of	
   anodal	
   tDCS	
   alone,	
   by	
   task	
  

performance	
  alone,	
  or	
  by	
  concurrent	
  anodal	
  tDCS	
  and	
  task.	
  However,	
  when	
  anodal	
  

tDCS	
  preceded	
  task	
  performance,	
  then	
  task	
  performance	
  resulted	
  in	
  an	
  increase	
  in	
  

cortical	
   inhibition.	
   That	
   is,	
   inhibition	
   assessed	
   by	
   SICI	
   was	
   greater	
   after	
   task	
  

performance	
  compared	
  to	
  before	
  task	
  performance.	
  	
  

	
  

Homeostatic	
  Plasticity	
  

	
   Applying	
   anodal	
   tDCS	
   prior	
   to	
   task	
   performance	
   resulted	
   in	
   decreased	
  

learning	
   compared	
   to	
   the	
   control	
   condition,	
   consistent	
   with	
   homeostatic	
  

mechanisms.	
   	
  Homeostatic	
  rules	
  state	
  that	
   increased	
  background	
  activity	
  prevents	
  

further	
   facilitation	
   by	
   subsequent	
   excitatory	
   stimuli.	
   Anodal	
   tDCS	
   increases	
  

background	
  activity	
  by	
   increasing	
  neuronal	
   firing	
  rates	
  (Bindman,	
  1964),	
  an	
  effect	
  

demonstrated	
  by	
  TMS	
  measures	
  as	
  an	
   increase	
   in	
  MEP	
  size,	
  usually	
  said	
   to	
  reflect	
  

cortical	
   excitability	
   (Nitsche	
   &	
   Paulus,	
   2000).	
   In	
   this	
   heightened	
   state,	
   then,	
  

processes	
   relying	
   on	
   further	
   excitation	
   should	
   be	
   blocked,	
   and	
   with	
   it,	
   their	
  

behavioural	
  correlates.	
  Accordingly,	
  as	
  motor	
   learning	
   is	
  associated	
  with	
   facilitory	
  

LTP-­‐like	
  processes	
  (Ziemann	
  et	
  al.,	
  2004),	
  post-­‐tDCS	
  learning	
  levels	
  are	
  decreased.	
  

The	
  results	
  of	
  our	
  study	
  are	
  in	
  agreement	
  with	
  this	
  homeostatic	
  model.	
  

	
   However,	
   previous	
   studies	
   employing	
   anodal	
   tDCS	
   to	
   explore	
   homeostatic	
  

mechanisms	
   have	
   had	
   varying	
   results.	
   This	
   may	
   be	
   in	
   some	
   part	
   due	
   to	
   a	
   time-­‐

dependence	
  of	
  homeostatic	
  applicability	
  (Jung	
  &	
  Ziemann,	
  2009).	
  A	
  study	
  by	
  Fricke	
  

in	
   2011	
   demonstrated	
   that	
   homeostatic	
   rules	
   govern	
   the	
   interaction	
   of	
   two	
  

sequentially	
  administered	
  sessions	
  of	
  anodal	
  tDCS	
  if	
  the	
  temporal	
  gap	
  between	
  the	
  

two	
   administrations	
   is	
   between	
   3	
   and	
   10	
   minutes	
   for	
   5	
   minutes	
   of	
   stimulation	
  

(Fricke	
  et	
  al.,	
  2011).	
  In	
  our	
  paradigm,	
  the	
  motor	
  learning	
  task	
  began	
  approximately	
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5	
  minutes	
  after	
  stimulation	
  termination,	
  well	
  within	
  the	
  window	
  during	
  which	
  one	
  

might	
  expect	
  homeostatic	
  rules	
  to	
  apply.	
  

	
   Moreover,	
  the	
  decreased	
  learning	
  documented	
  in	
  the	
  offline	
  condition	
  (A-­‐T)	
  

is	
   associated	
  with	
   increased	
   cortical	
   inhibition.	
   There	
  was	
   a	
   strong	
   trend	
   toward	
  

this	
   level	
  of	
  post-­‐task	
   inhibition	
  being	
  more	
   than	
  that	
  seen	
  at	
  baseline,	
  suggesting	
  

that	
   the	
   inhibition	
   increase	
   is	
   associated	
  with	
   the	
   task	
   in	
   particular,	
   and	
   is	
   not	
   a	
  

natural	
  return	
  to	
  baseline	
  levels	
  present	
  before	
  the	
  application	
  of	
  tDCS.	
  That	
  more	
  

inhibition	
   is	
   associated	
   with	
   decreased	
   learning	
   conforms	
   to	
   the	
   theory	
   of	
  

metaplasticity.	
  Referring	
  to	
  the	
  “plasticity	
  of	
  synaptic	
  plasticity”	
  (Abraham	
  &	
  Bear,	
  

1996),	
  metaplasticity	
  describes	
  synaptic	
  changes	
  that	
  regulate	
  the	
  ability	
  for	
  LTD	
  or	
  

LTP	
  to	
  be	
  induced	
  over	
  time.	
  

	
   One	
   particularly	
   influential	
   model	
   of	
   metaplasticity	
   is	
   the	
   Bienenstock-­‐

Cooper-­‐Munro	
   (BCM)	
   theory	
   first	
   introduced	
   in	
   1982.	
   The	
   BCM	
  model	
   proposes	
  

that	
  there	
  is	
  a	
  level	
  of	
  post-­‐synaptic	
  activity,	
  termed	
  the	
  modification	
  threshold	
  (θm),	
  

above	
   which	
   gives	
   LTP	
   and	
   below	
  which	
   results	
   in	
   LTD	
   (Bienenstock,	
   Cooper,	
   &	
  

Munro,	
  1982).	
  The	
  modification	
  threshold	
  is	
  a	
  dynamic	
  entity,	
  and	
  can	
  be	
  raised	
  or	
  

lowered	
   based	
   on	
   the	
   previous	
   time-­‐averaged	
   level	
   of	
   postsynaptic	
   cell	
   firing.	
  

Accordingly,	
  anodal	
  tDCS,	
  which	
  increases	
  post-­‐synaptic	
  activity,	
  would	
  raise	
  the	
  θm,	
  

decreasing	
   the	
   likelihood	
   of	
   LTP	
   formation	
   and	
   increasing	
   the	
   likelihood	
   of	
   LTD.	
  

Thus,	
  the	
  level	
  of	
  task-­‐induced	
  post-­‐synaptic	
  activity	
  that	
  would	
  normally	
  result	
  in	
  

LTP,	
  may	
   now	
   induce	
   in	
   LTD,	
   inhibition,	
   and	
   as	
   a	
   result,	
   decreased	
   learning	
   and	
  

greater	
  cortical	
  inhibition.	
  

	
   Metaplasticity	
   according	
   to	
   the	
   BCM	
   model	
   is	
   thought	
   to	
   occur	
   via	
  

modifications	
   in	
  synaptic	
  mechanisms,	
  and	
   is	
  well	
   characterized	
   for	
  glutamatergic	
  

changes	
   (Lee,	
   Yasuda,	
   &	
   Ehlers,	
   2010).	
   The	
   contribution	
   of	
   GABA	
   to	
   such	
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metaplastic	
  processes	
  has	
  primarily	
   focused	
  on	
   its	
  ability	
   to	
   indirectly	
  shift	
  θm	
  via	
  

increasing	
   the	
   NMDA	
   response	
   and	
   intracellular	
   Ca2+	
   concentration	
   	
   (Abraham	
  &	
  

Tate,	
   1997),	
   or	
   by	
   autoregulatory	
   inhibition	
   of	
   GABA	
   release	
   as	
   a	
   result	
   of	
  

postsynaptic	
   excitation	
   of	
   neighbouring	
   terminals	
   (Chevaleyre	
   &	
   Castillo,	
   2004).	
  

However,	
   whether	
   plasticity	
   of	
   GABAergic	
   signalling	
   is	
   in	
   itself	
   a	
   type	
   of	
  

metaplasticity	
  is	
  still	
  unclear	
  (Abraham,	
  2008),	
  although	
  rodent	
  work	
  was	
  shown	
  it	
  

to	
  be	
  involved	
  in	
  metaplasticity	
  in	
  the	
  spinal	
  dorsal	
  horn	
  (G.	
  Miletic	
  &	
  Miletic,	
  2001)	
  

and	
  hippocampus	
  (Bukalo,	
  Schachner,	
  &	
  Dityatev,	
  2007).	
  Here,	
  we	
  report	
  changes	
  in	
  

2.5	
  ms,	
  but	
  not	
  1	
  ms,	
  SICI	
  associated	
  with	
  learning	
  after	
  anodal	
  tDCS,	
  supporting	
  the	
  

view	
   that	
  metaplasticity	
   is	
   a	
   primarily	
   synaptic	
  mechanism.	
  Moreover,	
   this	
   result	
  

suggests	
  a	
  direct	
  role	
  for	
  GABAA	
  in	
  the	
  mediation	
  of	
  metaplasticity	
  as	
  evoked	
  by	
  our	
  

paradigm.	
  

	
  

Surround	
  Inhibition	
  

	
   In	
   the	
   control	
   condition,	
   in	
   which	
   the	
   motor	
   task	
   was	
   performed	
   in	
   the	
  

absence	
   of	
   tDCS,	
   we	
   demonstrated	
   that	
   motor	
   learning	
   led	
   to	
   decreased	
   cortical	
  

excitation	
  in	
  the	
  FDI.	
  This	
  result	
  contrasts	
  with	
  the	
  findings	
  previously	
  reported	
  by	
  

Rosenkranz	
  and	
  Rothwell	
  (Rosenkranz	
  &	
  Rothwell,	
  2006).	
  In	
  their	
  study,	
  MEP	
  size	
  

increased	
  following	
  motor	
  learning.	
  A	
  potential	
  reason	
  for	
  this	
  disparity	
  lies	
  in	
  the	
  

specifics	
  of	
   the	
   task	
  employed	
  by	
  our	
   studies.	
  Rosenkranz’s	
   study	
  used	
   self-­‐paced	
  

thumb	
   abduction,	
   which	
   is	
   highly	
   dependent	
   on	
   the	
   muscle	
   from	
   which	
   they	
  

recorded,	
  the	
  APB.	
  In	
  Experiment	
  1,	
  we	
  recorded	
  from	
  the	
  FDI,	
  a	
  muscle	
  that	
  is	
  not	
  

directly	
   involved	
   in	
   learning	
   our	
   sequence	
   task,	
   as	
   evidenced	
   by	
   the	
   results	
   from	
  

Experiment	
   2.	
   These	
   findings	
   suggest	
   that	
   task-­‐induced	
   decreases	
   in	
   cortical	
  

excitability	
  may	
   be	
   specific	
   to	
  muscles	
   peripherally	
   involved	
   in	
   learning	
   the	
   task,	
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like	
  the	
  FDI	
  in	
  our	
  study,	
  and	
  not	
  to	
  muscles	
  that	
  are	
  critically	
  involved,	
  like	
  the	
  APB	
  

in	
  the	
  Rosenkranz	
  study.	
  

	
   Indeed,	
   decreased	
   excitation	
   of	
   the	
   nearby	
   muscle	
   may	
   be	
   a	
   cooperative	
  

mechanism	
   that	
   paves	
   the	
   way	
   for	
   increased	
   excitation	
   of	
   the	
   target	
   muscle,	
  

exploiting	
   center-­‐surround	
  organization.	
   In	
   this	
  model,	
   surround	
   inhibition	
  works	
  

to	
   focus	
   neuronal	
   activity	
   on	
   the	
   processes	
   that	
   are	
   actively	
   required	
   for	
   task	
  

performance,	
   by	
   filtering	
   out	
   extraneous	
   inputs	
   (Beck	
   &	
   Hallett,	
   2011).	
   Though	
  

most	
   thoroughly	
   characterized	
   in	
   the	
   visual	
   system,	
   surround	
   inhibition	
  has	
  been	
  

reported	
  in	
  the	
  sensorimotor	
  system	
  as	
  well,	
  particularly	
  in	
  fine	
  finger	
  movements	
  

(Beck	
  et	
  al.,	
  2005),	
  and	
   for	
   the	
   initiation	
  of	
  voluntary	
  movements	
  (Sohn	
  &	
  Hallett,	
  

2004).	
   Beck	
   and	
   colleagues	
   demonstrated	
   facilitation	
   of	
  MEPs	
   recorded	
   from	
   the	
  

FDI,	
  a	
  synergistic	
  muscle	
  in	
  their	
  task,	
  while	
  those	
  of	
  the	
  APB,	
  an	
  adjacent	
  muscle,	
  

were	
   decreased	
   (Beck	
   et	
   al.,	
   2008).	
   Likewise,	
   in	
   our	
   study,	
   we	
   found	
   decreased	
  

MEPs	
   in	
   the	
   adjacent	
  muscle	
   of	
   our	
   task,	
   the	
   FDI.	
   As	
   expected,	
   no	
   changes	
   were	
  

found	
  in	
  the	
  APB,	
  a	
  muscle	
  that	
  was	
  neither	
  adjacent	
  nor	
  synergistic	
  in	
  our	
  task.	
  We	
  

did	
  not,	
  however,	
  find	
  significantly	
  increased	
  excitation	
  of	
  a	
  synergistic	
  muscle	
  (i.e.,	
  

the	
  ADM).	
  This	
  may	
  be	
  because	
  the	
  ADM	
  is	
  used	
  slightly	
  less	
  in	
  our	
  task,	
  as	
  the	
  ratio	
  

of	
  button	
  presses	
  among	
   fingers	
   is	
  3-­‐3-­‐2-­‐2.	
  As	
  a	
   result	
  of	
   the	
   cumulative	
  effect	
  of	
  

this	
  difference,	
  any	
  increase	
  in	
  excitation	
  may	
  still	
  lie	
  below	
  a	
  statistical	
  threshold.	
  

	
   The	
  finding	
  of	
  decreased	
  excitation	
  following	
  task	
  performance	
  helps	
  explain	
  

the	
   behavioural	
   results	
   for	
   the	
   motor	
   learning	
   task,	
   illustrated	
   in	
   Figure	
   5.3,	
   in	
  

which	
   offline	
   anodal	
   tDCS	
   decreases	
   learning	
   compared	
   to	
   control.	
  When	
   applied	
  

alone,	
   anodal	
   tDCS	
   increases	
  MEP	
   size;	
  when	
   applied	
   during	
   task	
   performance,	
   it	
  

does	
  not.	
  This	
  may	
  reflect	
  the	
  two	
  processes	
  effectively	
  negating	
  each	
  other:	
  anodal	
  

tDCS	
   tends	
   to	
   increase	
   excitation,	
   while	
   task	
   performance	
   tends	
   to	
   decrease	
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excitation,	
   leading	
   to	
   a	
   zero-­‐sum	
   effect.	
   That	
   these	
   neurophysiological	
   results	
  

interact	
   with	
   each	
   other	
   suggests	
   motor	
   learning	
   and	
   tDCS	
   rely	
   on	
   similar	
   or	
  

cooperative	
   neurochemical	
   mechanisms.	
   One	
   such	
   possibility	
   is	
   through	
   specific	
  

synaptic	
   changes,	
   either	
   in	
   GABAergic	
   or	
   glutamatergic	
   synapses.	
   Inhibitory	
  

plasticity	
   has	
   been	
  documented	
   at	
  GABAergic	
   synapses	
   previously	
   (Maffei,	
   2011),	
  

and	
   both	
   anodal	
   tDCS	
   and	
  motor	
   learning	
   have	
   been	
   shown	
   to	
   increase	
   levels	
   of	
  

cortical	
  GABA	
  (Floyer-­‐Lea	
  et	
  al.,	
  2006;	
  Stagg	
  et	
  al.,	
  2009).	
  This,	
  combined	
  with	
  our	
  

finding	
  of	
  increased	
  2.5	
  ms	
  SICI	
  following	
  motor	
  learning,	
  raises	
  the	
  possibility	
  that	
  

GABAergic	
  synapses	
  may	
  be	
  a	
  substrate	
  for	
  the	
  interaction	
  between	
  tDCS	
  and	
  motor	
  

learning.	
   An	
   alternative	
   putative	
   site	
   for	
   these	
   modulations	
   to	
   occur	
   are	
   the	
  

glutamatergic	
  synapses.	
  Motor	
  learning	
  occurs	
  via	
  LTP-­‐like	
  processes	
  that	
  increase	
  

synaptic	
   Ca2+	
   concentration	
   (Ziemann	
   et	
   al.,	
   2004).	
   Via	
   surround	
   inhibition,	
   this	
  

targeted	
   LTP-­‐like	
   increase	
   in	
   synergistic	
   muscles	
   may	
   lead	
   to	
   corresponding	
  

decreases	
   in	
   the	
   FDI,	
   thereby	
   eliminating	
   the	
   prospective	
   increase	
   in	
   MEP	
   size.	
  

During	
   the	
   intrastimulation	
   period,	
   anodal	
   tDCS	
   is	
   thought	
   to	
   exert	
   its	
   effects	
  

primarily	
   through	
  a	
  widespread	
  decrease	
   in	
   resting	
  membrane	
  potential	
   (Stagg	
  &	
  

Nitsche,	
   2011).	
   Indeed,	
   pharmacological	
   studies	
   have	
   shown	
   that	
   blockading	
   Ca2+	
  

and	
   Na+	
   channels	
   abolishes	
   or	
   greatly	
   reduces	
   the	
   excitability	
   enhancement	
  

normally	
   elicited	
   by	
   anodal	
   tDCS	
   (Nitsche,	
   2003).	
   Thus,	
   an	
   additional	
   avenue	
  

through	
  which	
  motor	
   learning	
  may	
  have	
   suppressed	
   increases	
   in	
  MEP	
   size	
   in	
   the	
  

FDI	
  is	
  via	
  modulation	
  of	
  resting	
  membrane	
  potentials.	
  

	
  

Future	
  Directions	
  

	
   Previous	
  studies	
  have	
  reported	
  enhanced	
  motor	
   leaning	
  with	
  online	
  anodal	
  

tDCS	
  (Nitsche,	
  2003;	
  Stagg	
  et	
  al.,	
  2011b).	
  Our	
  study	
  did	
  not	
  replicate	
  this	
  finding	
  in	
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the	
  AT-­‐R	
  condition,	
  although	
  studies	
  employing	
  very	
  similar	
  paradigms	
  have	
  done	
  

so	
  (Stagg	
  et	
  al.,	
  2011b).	
  This	
  may	
  partially	
  be	
  due	
  to	
  the	
  length	
  of	
  the	
  inactive	
  “rest”	
  

blocks	
   in	
   comparison	
   to	
   our	
   active	
   “sequence”	
  blocks.	
   In	
   the	
  previous	
   study	
   from	
  

our	
  lab	
  utilising	
  a	
  similar	
  motor	
  sequence	
  learning	
  task,	
  the	
  rest	
  blocks	
  lasted	
  for	
  12	
  

seconds,	
  while	
  they	
  lasted	
  for	
  30	
  seconds	
  in	
  the	
  present	
  study.	
  It	
  is	
  conceivable	
  that	
  

the	
   longer	
   rest	
   periods	
   resulted	
   in	
   an	
   attenuation	
   of	
   the	
   behavioural	
   affects	
   of	
  

anodal	
   tDCS,	
   as	
   approximately	
   half	
   of	
   the	
   stimulation	
   period	
   was	
   administered	
  

while	
  no	
  actual	
  learning	
  was	
  occurring.	
  To	
  address	
  this	
  issue,	
  future	
  studies	
  using	
  a	
  

sequence	
  task	
  would	
  employ	
  one	
  identical	
  to	
  that	
  in	
  the	
  previous	
  study.	
  Moreover,	
  

one	
  might	
   repeat	
   this	
   experiment	
  using	
  a	
  different	
  motor	
   task	
  altogether,	
   such	
  as	
  

thumb	
   abduction,	
   to	
   directly	
   test	
   the	
   surround	
   inhibition	
   hypothesis	
   put	
   forward	
  

here.	
   Independent	
   of	
   the	
   motor	
   task	
   used,	
   subsequent	
   studies	
   should	
   consider	
  

recording	
  from	
  multiple	
  muscles	
  during	
  each	
  of	
  the	
  stimulation	
  paradigms,	
  and	
  not	
  

just	
  the	
  control	
  condition.	
  Doing	
  so	
  would	
  allow	
  for	
  more	
  concrete	
  conclusions	
  on	
  

how	
  tDCS	
  might	
  affect	
  surround	
  inhibition	
  to	
  affect	
  behaviour.	
  

	
  

5.5 CONCLUSIONS	
  

	
   Taken	
   together,	
   these	
   two	
   experiments	
   help	
   elucidate	
   the	
   mechanisms	
  

responsible	
  for	
  behavioural	
  modifications	
  caused	
  by	
  anodal	
  tDCS.	
  In	
  particular,	
  the	
  

results	
   suggest	
   that	
   surround	
   inhibition	
   focuses	
   activity	
   on	
   muscles	
   critically	
  

involved	
  in	
  task	
  performance.	
  This	
  activity	
   is	
  then	
  transformed	
  into	
  augmented	
  or	
  

decreased	
   learning	
   in	
   accordance	
  with	
   a	
   sliding	
   threshold	
   of	
   LTP/LTD	
   induction,	
  

initiated	
  by	
   tDCS	
  application.	
  Our	
  neurophysiological	
   recordings	
  provide	
  evidence	
  

that	
   these	
  metaplastic	
  mechanisms	
   occur	
   synaptically,	
   particularly	
  with	
   regard	
   to	
  

GABAA	
  activity.	
  Behaviourally,	
   these	
  alterations	
  manifest	
  themselves	
  as	
  changes	
   in	
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motor	
  learning	
  in	
  our	
  healthy	
  volunteers.	
  The	
  remaining	
  two	
  chapters	
  of	
  this	
  thesis	
  

investigate	
  whether	
  similar	
  changes	
   in	
  motor	
  performance	
  and	
  cortical	
  properties	
  

can	
  be	
  elicited	
   in	
  chronic	
   stroke	
  patients.	
  By	
  doing	
   this,	
  we	
  aim	
   to	
   investigate	
   the	
  

clinical	
  relevance	
  of	
  anodal	
  tDCS	
  in	
  the	
  motor	
  domain.	
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Chapter	
  6: tDCS	
   and	
   Motor	
   Training	
   Induce	
  
Functional	
   and	
   Structural	
   Changes	
   in	
   Chronic	
  
Stroke	
  Patients	
  

	
   The	
   first	
   two	
   experimental	
   chapters	
   of	
   this	
   thesis	
   focused	
   on	
   elucidating	
   the	
  

mechanisms	
  responsible	
  for	
  the	
  effects	
  of	
  tDCS	
  in	
  healthy	
  controls.	
  We	
  demonstrated	
  

that	
   behavioural	
   modifications	
   and	
   neuroimaging	
   changes	
   were	
   possible	
   following	
  

stimulation.	
   The	
   remainder	
   of	
   this	
   thesis	
   seeks	
   to	
   extend	
   this	
   work	
   to	
   a	
   clinical	
  

population:	
   chronic	
   stroke	
   patients.	
  We	
   ask	
  whether	
   the	
   behavioural	
   improvements	
  

caused	
  by	
  coupling	
  motor	
  training	
  with	
  tDCS	
  are	
  reflected	
  in	
  brain	
  changes	
  apparent	
  

using	
  MR	
   imaging.	
   In	
   particular,	
   we	
   investigate	
   changes	
   in	
   task-­induced	
   activation	
  

and	
  grey	
  matter.	
  The	
   final	
  chapter	
  then	
  uses	
  these	
  and	
  other	
  baseline	
  neuroimaging	
  

measures	
  to	
  predict	
  patients’	
  response	
  to	
  the	
  rehabilitation	
  program.	
  

	
  

6.1 INTRODUCTION	
  

	
   Natural	
  recovery	
  of	
  post-­‐stroke	
  motor	
   function	
  plateaus	
  within	
  three	
  to	
  six	
  

months	
  of	
   the	
   incident	
   (Halsband	
  &	
  Lange,	
  2006;	
  Leonard,	
  1997;	
   Studenski	
   et	
   al.,	
  

2001)	
   (For	
   an	
   in	
   depth	
   review	
   of	
   stroke	
   recovery,	
   see	
   section	
   1.3.3.).	
   Concurrent	
  

with	
   a	
   tapering	
   off	
   of	
   behavioural	
   gains,	
   the	
   gradual	
   transition	
   into	
   the	
   chronic	
  

phase	
  of	
  stroke	
  recovery	
  is	
  associated	
  with	
  functional	
  and	
  structural	
  brain	
  changes.	
  

Knowledge	
   of	
   these	
   potential	
   changes	
   has	
   formed	
   the	
   basis	
   of	
   rehabilitation	
  

programs	
  aimed	
  at	
  improving	
  behaviour	
  in	
  chronic	
  stroke	
  patients.	
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6.1.1 FUNCTIONAL	
  CHANGES	
  

	
   The	
   most	
   striking	
   neurological	
   change	
   that	
   evolves	
   with	
   advancing	
   time	
  

post-­‐stroke	
  is	
  most	
  readily	
  apparent	
  during	
  task	
  performance.	
  Longitudinal	
  studies	
  

document	
   heightened	
   contralesional	
   activation	
   of	
   motor	
   areas	
   during	
   the	
   acute	
  

phase,	
  which	
  slowly	
  decreases	
  as	
  recovery	
  plateaus	
   in	
  the	
  chronic	
  stage	
  (Feydy	
  et	
  

al.,	
  2002;	
  Tombari	
  et	
  al.,	
  2004;	
  Ward	
  et	
  al.,	
  2003).	
  Patients	
   in	
  whom	
  this	
  response	
  

pattern	
  has	
  normalised	
  to	
  a	
  profile	
  more	
  consistent	
  with	
  that	
  seen	
  in	
  healthy	
  adults	
  

(i.e.,	
  ipsilesional,	
  contralateral	
  to	
  the	
  moving	
  limb,	
  and	
  primarily	
  unilateral)	
  tend	
  to	
  

be	
   better	
   recovered	
   than	
   their	
   counterparts	
   who	
   still	
   exhibit	
   a	
   strongly	
   bilateral	
  

activation	
  pattern	
  (Cramer,	
  2008;	
  Synofzik	
  et	
  al.,	
  2008).	
  

	
   Research	
   regarding	
   the	
   extent	
   to	
   which	
   the	
   imbalance	
   caused	
   by	
   this	
  

contralesional	
  activity	
  is	
  associated	
  with	
  worsened	
  motor	
  ability	
  is	
  at	
  times	
  unclear	
  

(Feydy	
   et	
   al.,	
   2002;	
   Ward	
   et	
   al.,	
   2003).	
   However,	
   the	
   phenomenon	
   is	
   generally	
  

viewed	
  as	
  maladaptive,	
  particularly	
  with	
  respect	
  to	
  altered	
  competitive	
  hemispheric	
  

interactions	
  (Duque	
  et	
  al.,	
  2007).	
  This	
  occurs	
  as	
  a	
  result	
  of	
  disturbed	
  processes	
   in	
  

both	
   hemispheres	
   (Takeuchi	
   &	
   Izumi,	
   2012).	
   M1	
   of	
   the	
   lesioned	
   hemisphere	
  

experiences	
  increased	
  inhibition	
  from	
  within	
  its	
  own	
  circuitry	
  (Liepert	
  et	
  al.,	
  2005),	
  

which	
   may	
   decrease	
   its	
   ability	
   to	
   naturally	
   downregulate	
   the	
   contralesional	
  

hemisphere	
  via	
  inhibitory	
  transcallosal	
  pathways.	
  The	
  contralesional	
  motor	
  cortex	
  

becomes	
   hyperexcitable	
   (Ward	
   et	
   al.,	
   2003;	
   2006),	
   and	
   in	
   turn	
   is	
   able	
   to	
   exert	
  

excessive	
  inhibition	
  over	
  the	
  lesioned	
  hemisphere	
  (Hikosaka	
  et	
  al.,	
  2002;	
  Murase	
  et	
  

al.,	
  2004;	
  Nachev	
  et	
  al.,	
  2008),	
  further	
  perpetuating	
  the	
  hemispheric	
  imbalance	
  and	
  

leading	
  to	
  stunted	
  recovery.	
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6.1.2 STRUCTURAL	
  CHANGES	
  

	
   In	
   addition	
   to	
   performance-­‐based	
   changes,	
   post-­‐stroke	
   recovery	
   of	
  

behaviour	
  is	
  also	
  accompanied	
  by	
  modifications	
  in	
  brain	
  structure,	
  often	
  colocalised	
  

with	
  the	
  functional	
  changes	
  (Schaechter	
  et	
  al.,	
  2006).	
  Longitudinal	
  studies	
  following	
  

stroke	
  patients	
  over	
  the	
  course	
  of	
  several	
  months	
  to	
  a	
  year	
  have	
  documented	
  grey	
  

matter	
  decreases	
  in	
  motor	
  areas	
  directly	
  and	
  indirectly	
  connected	
  to	
  the	
  lesion	
  site	
  

(Fan	
  et	
  al.,	
  2012;	
  Kraemer	
  et	
  al.,	
  2004).	
  Conversely,	
  non-­‐motor	
  regions	
  such	
  as	
  the	
  

hippocampus	
   and	
   precuneus	
   experience	
   increased	
   grey	
   matter	
   density	
   that	
   is	
  

correlated	
   with	
   motor	
   ability,	
   suggesting	
   that	
   increased	
   recruitment	
   of	
   regions	
  

involved	
   in	
   memory	
   and	
   cognition	
   may	
   help	
   modulate	
   the	
   improved	
   motor	
  

performance	
  thought	
  to	
  indicate	
  motor	
  recovery	
  (Fan	
  et	
  al.,	
  2012).	
  

	
   Recent	
  work	
  suggests	
  that	
  this	
  decline	
   in	
  grey	
  matter	
  density	
  within	
  motor	
  

regions	
   following	
   a	
   stroke	
   can	
  be	
  partially	
  mitigated	
  by	
   rehabilitation	
   techniques.	
  

Gauthier	
   and	
   colleagues	
   demonstrated	
   that	
   ten	
   days	
   of	
   constraint	
   induced	
  

movement	
   therapy	
   (CIMT)	
   resulted	
   in	
   diffuse	
   grey	
   matter	
   increases	
   in	
   bilateral	
  

sensory	
  and	
  motor	
  regions	
   (Gauthier	
  et	
  al.,	
  2008).	
  These	
  changes	
  were	
  correlated	
  

with	
   increased	
   use	
   of	
   the	
   affected	
   limb	
   and	
   behavioural	
   improvements.	
   Similar	
  

results	
  have	
  been	
  found	
  in	
  healthy	
  subjects:	
  performance	
  of	
  a	
  sequential	
  pinch	
  force	
  

task	
  over	
  five	
  days	
  led	
  to	
  increased	
  grey	
  matter	
  in	
  the	
  contralateral	
  M1,	
  ipsilateral	
  

PMv,	
  and	
  DLPFC	
  (Gryga	
  et	
  al.,	
  2012).	
  

	
  

6.1.3 BEHAVIOURAL	
  MODIFICATIONS	
  

	
   Further	
   to	
   these	
  modifications	
   occurring	
   in	
   the	
   brain,	
   stroke	
   patients	
   also	
  

decrease	
  their	
  use	
  of	
  the	
  affected	
  limb,	
  relying	
  more	
  heavily	
  on	
  the	
  unaffected	
  limb	
  

in	
   a	
   form	
   of	
   behavioural	
   compensation	
   (Levin	
   et	
   al.,	
   2009).	
   While	
   such	
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compensatory	
   strategies	
   are	
   initially	
   beneficial	
   in	
   performing	
   activities	
   of	
   daily	
  

living,	
   they	
  may	
   be	
   detrimental	
   to	
   long-­‐term	
   recovery.	
   Overuse	
   of	
   the	
   unaffected	
  

limb	
  can	
  lead	
  to	
  learned	
  non-­‐use	
  of	
  the	
  affected	
  limb,	
  resulting	
  in	
  loss	
  of	
  what	
  motor	
  

function	
  may	
   have	
   been	
   spared	
   by	
   the	
   stroke,	
   further	
   hindering	
   the	
   ability	
   to	
   re-­‐

establish	
   appropriate	
   arm	
   function	
   (Levin	
   et	
   al.,	
   2009).	
   Moreover,	
   as	
   evidenced	
  

from	
   rodent	
   studies,	
   these	
   changes	
   in	
   motor	
   behaviour	
   may	
   in	
   turn	
   worsen	
   and	
  

propagate	
  the	
  maladaptive	
  plasticity	
  discussed	
  above	
  (Allred	
  &	
  Jones,	
  2008;	
  Allred	
  

et	
  al.,	
  2010).	
  

	
   Rehabilitation	
   strategies	
   have	
   endeavoured	
   to	
   promote	
   motor	
   recovery	
   in	
  

chronic	
  stroke	
  patients	
  by	
  attempting	
  to	
  normalise	
  both	
  motor	
  behaviour	
  as	
  well	
  as	
  

neuronal	
  profiles.	
  Traditional	
  behavioural	
  therapy	
  focuses	
  on	
  task-­‐specific	
  training	
  

of	
   the	
  affected	
   limb,	
  with	
   the	
  aim	
  of	
   restoring	
  a	
  portion	
  of	
   its	
   lost	
  motor	
   function	
  	
  

(Hubbard	
  et	
  al.,	
  2009).	
  Other	
  rehabilitation	
  techniques,	
  such	
  as	
  constraint-­‐induced	
  

movement	
   therapy	
   (CIMT),	
   attempt	
   to	
   overcome	
   learned	
   non-­‐use	
   of	
   the	
   affected	
  

limb.	
   CIMT	
   restrains	
   the	
   unaffected	
   limb,	
   substantially	
   hindering	
   its	
   range	
   of	
  

movement,	
   thus	
   compelling	
   the	
   patient	
   to	
   use	
   the	
   affected	
   limb.	
   Behavioural	
  

improvements	
  following	
  CIMT	
  have	
  been	
  shown	
  to	
  last	
  for	
  up	
  to	
  one	
  year	
  (Wolf	
  et	
  

al.,	
  2006).	
  

	
  

6.1.4 BRAIN	
  STIMULATION	
  TO	
  AUGMENT	
  PHYSIOTHERAPY	
  

	
   In	
   addition	
   to	
   modifying	
   patient	
   behaviour,	
   therapies	
   can	
   also	
   target	
   the	
  

brain	
   structures	
   and	
   processes	
   underlying	
   maladaptive	
   post-­‐stroke	
   plasticity.	
   In	
  

particular,	
  interhemispheric	
  imbalance	
  can	
  be	
  attenuated	
  by	
  increasing	
  the	
  function	
  

of	
  the	
  ipsilesional	
  motor	
  cortex,	
  decreasing	
  the	
  function	
  of	
  the	
  contralesional	
  motor	
  

cortex,	
   or	
   both.	
   In	
   combination	
   with	
   motor	
   training,	
   such	
   interventions	
   are	
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performed	
  with	
   the	
  brain	
  stimulation	
   techniques	
  of	
   rTMS	
  and	
  tDCS,	
   introduced	
   in	
  

Chapter	
   2	
   (Nowak	
   at	
   al.,	
   2009).	
   While	
   rTMS	
   has	
   been	
   demonstrated	
   to	
   produce	
  

behavioural	
   improvements	
   (Corti	
   et	
   al.,	
   2012;	
  Nowak	
  et	
   al.,	
   2009),	
  we	
   focused	
  on	
  

tDCS	
  as	
  it	
  is	
  less	
  obviously	
  intrusive,	
  and	
  has	
  a	
  better	
  placebo	
  condition	
  (Gandiga	
  et	
  

al.,	
  2006).	
  

	
   When	
   combined	
  with	
  motor	
   training,	
   a	
   single	
   session	
  of	
   tDCS	
   can	
   improve	
  

motor	
   ability	
   of	
   the	
   affected	
   limb.	
   Anodal	
   tDCS	
   to	
   the	
   ipsilesional	
   M1	
   has	
   been	
  

shown	
   to	
   increase	
   performance	
   on	
   clinical	
   and	
   behavioural	
   measures	
   of	
   hand	
  

function	
   (Fregni	
   et	
   al.,	
   2005;	
   Hummel	
   &	
   Cohen,	
   2005;	
   Stagg	
   et	
   al.,	
   2012).	
   This	
  

improvement	
   is	
   associated	
   with	
   reduced	
   inhibition	
   in	
   M1	
   as	
   measured	
   by	
   short	
  

intracortical	
  inhibition	
  (SICI)	
  (Hummel,	
  2005).	
  Cathodal	
  tDCS	
  to	
  the	
  contralesional	
  

M1	
   can	
   produce	
   similar	
   results.	
   Following	
   cathodal	
   stimulation,	
   motor	
  

improvements	
  have	
  been	
  documented	
  (Fregni	
  et	
  al.,	
  2005;	
  Zimerman	
  et	
  al.,	
  2012)	
  

that	
  correlate	
  with	
  the	
  tDCS-­‐induced	
  decreases	
  in	
  inhibition	
  within	
  the	
  lesioned	
  M1	
  

(Zimerman	
  et	
  al.,	
  2012).	
  Both	
  ipsilesional	
  anodal	
  tDCS	
  and	
  contralesional	
  cathodal	
  

tDCS	
  promote	
  increased	
  task-­‐related	
  fMRI	
  activity	
  in	
  motor	
  regions,	
  particularly	
  in	
  

the	
  hand	
  area	
  of	
  the	
  ipsilesional	
  M1,	
  suggesting	
  that	
  this	
  region	
  may	
  be	
  the	
  cortical	
  

substrate	
  of	
  the	
  reported	
  behavioural	
  improvements	
  (Stagg	
  et	
  al.,	
  2012).	
  

	
  

6.1.5 REPEATED	
  SESSIONS	
  OF	
  TDCS	
  AND	
  TRAINING	
  

	
   Given	
  the	
  encouraging	
  results	
  produced	
  by	
  a	
  single	
  session	
  of	
  tDCS,	
  Boggio	
  et	
  

al.	
   investigated	
   the	
   effects	
   of	
   weekly	
   sessions	
   of	
   tDCS	
   given	
   over	
   one	
   month.	
  

Although	
   patients	
   performed	
   better	
   after	
   each	
   individual	
   session,	
   there	
   was	
   no	
  

cumulative	
   effect	
   of	
   either	
   anodal	
   or	
   cathodal	
   stimulation	
   (Boggio	
   et	
   al.,	
   2007).	
  

However,	
   if	
  five	
  consecutive	
  sessions	
  of	
  cathodal	
  tDCS	
  were	
  given,	
  they	
  reported	
  a	
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behavioural	
  enhancement	
  that	
  lasted	
  for	
  2	
  weeks	
  following	
  intervention	
  (Boggio	
  et	
  

al.,	
  2007).	
  Similar	
  results	
  have	
  since	
  been	
  replicated,	
  with	
  the	
  additional	
  finding	
  that	
  

immediately	
  following	
  the	
  intervention,	
  improved	
  motor	
  outcome	
  is	
  correlated	
  with	
  

decreased	
   contralesional	
   task-­‐related	
   fMRI	
   activity	
   (Nair	
   at	
   al.,	
   2011).	
   The	
  

functional	
   potential	
   of	
   bihemispheric	
   tDCS,	
   in	
   which	
   ipsilesional	
   anodal	
   and	
  

contralesional	
  cathodal	
  tDCS	
  are	
  delivered	
  simultaneously,	
  has	
  also	
  been	
  explored.	
  

Ten	
   days	
   of	
   1	
   mA	
   bihemispheric	
   tDCS	
   and	
   occupational	
   therapy	
   resulted	
   in	
  

behavioural	
   improvements	
   that	
   persisted	
   for	
   one	
   week	
   following	
   intervention	
  

(Lindenberg	
  et	
  al.,	
  2010).	
  For	
   those	
  patients	
  receiving	
  real	
   tDCS,	
   these	
  gains	
  were	
  

accompanied	
  by	
  stronger	
  activation	
  in	
  ipsilesional	
  motor	
  regions,	
  a	
  result	
  not	
  seen	
  

in	
   the	
   placebo	
   condition.	
   Bolognini	
   and	
   colleagues	
   performed	
   a	
   study	
   in	
   which	
  

patients	
   received	
   40	
  minutes	
   of	
   2	
  mA	
   bihemispheric	
   tDCS	
  while	
   also	
   undergoing	
  

two	
  weeks	
  of	
  CIMT.	
  Patients	
  receiving	
  stimulation	
  and	
  CIMT,	
  as	
  well	
  as	
  those	
  in	
  the	
  

control	
   condition	
   receiving	
  CIMT	
   alone,	
   showed	
  behavioural	
   improvements	
   and	
   a	
  

decrease	
   in	
   TMS	
   measures	
   of	
   excitability	
   in	
   the	
   contralesional	
   hemisphere	
  

(Bolognini	
  et	
  al.,	
  2011).	
   Interestingly,	
  only	
   those	
  receiving	
   tDCS	
  showed	
   increased	
  

excitability	
   in	
   the	
   lesioned	
   hemisphere,	
   as	
   well	
   as	
   a	
   reduction	
   in	
   transcallosal	
  

inhibition	
   from	
   the	
   contra-­‐	
   to	
   ipsi-­‐lesional	
   hemisphere.	
   This	
   suggests	
   that	
   tDCS	
  

augments	
  training-­‐induced	
  behavioural	
  gains	
  via	
  multiple	
  neural	
  mechanisms.	
  

	
  

	
   The	
  aforementioned	
  repeated-­‐sessions	
  studies	
  all	
  utilised	
  either	
  cathodal	
  or	
  

bihemispheric	
   tDCS;	
   none	
   used	
   multiple	
   sessions	
   of	
   daily	
   anodal	
   tDCS	
   in	
  

rehabilitation	
   for	
   chronic	
   stroke	
   patients	
   (although	
   a	
   2011	
   study	
   by	
   Geroin	
  

investigating	
  lower	
  limb	
  function	
  has).	
  Evidence	
  suggests	
  that	
  it	
  is	
  likely	
  that	
  such	
  a	
  

protocol	
  would	
  impart	
  significant,	
  sustained	
  behavioural	
  improvements:	
  if	
  repeated	
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sessions	
  of	
  anodal	
  tDCS	
  are	
  provided	
  to	
  healthy	
  controls,	
  the	
  enhancement	
  of	
  motor	
  

ability	
  continues	
  for	
  at	
  least	
  3	
  months	
  (Reis	
  et	
  al.,	
  2009).	
  Moreover,	
  work	
  from	
  our	
  

lab	
   comparing	
   single	
   sessions	
   of	
   anodal,	
   cathodal,	
   and	
   sham	
   tDCS	
   suggest	
   that	
  

anodal	
  tDCS	
  more	
  robustly	
  elicits	
  behavioural	
  gains	
  in	
  stroke	
  patients,	
  particularly	
  

within	
   a	
   heterogeneously	
   impaired	
   population	
   (Stagg	
   et	
   al.,	
   2012).	
   The	
   present	
  

study	
   intended	
   to	
   fill	
   this	
   gap	
   regarding	
   the	
   effect	
   of	
   repeated	
   sessions	
   of	
   anodal	
  

tDCS	
   on	
   motor	
   recovery	
   in	
   chronic	
   stroke	
   patients.	
   We	
   designed	
   a	
   double-­‐blind,	
  

randomised-­‐controlled	
   trial	
   in	
   which	
   patients	
   received	
   simultaneous	
   ipsilesional	
  

anodal	
  tDCS	
  to	
  M1	
  and	
  motor	
  training	
  for	
  ten	
  days	
  over	
  a	
  period	
  of	
  two	
  weeks.	
  We	
  

included	
   multiple	
   post-­‐intervention	
   followups	
   and	
   neuroimaging	
   modalities	
   to	
  

assess	
   the	
   longevity	
   and	
   neural	
   correlates	
   of	
  motor	
   improvements.	
  We	
   predicted	
  

that	
  anodal	
  tDCS	
  would	
  result	
  in	
  performance	
  gains	
  on	
  our	
  clinical	
  measures	
  above	
  

and	
   beyond	
   that	
   seen	
  with	
  motor	
   training	
   alone,	
   an	
   effect	
   that	
  would	
   outlast	
   the	
  

intervention	
  by	
  weeks	
  to	
  months.	
  Moreover,	
  we	
  suspected	
  that	
  these	
  changes	
  would	
  

be	
  associated	
  with	
  increased	
  activation	
  of	
  ipsilesional	
  motor	
  areas.	
  

	
  

6.2 METHODS	
  

6.2.1 OVERVIEW	
  

This	
   double-­‐blind,	
   randomised-­‐controlled	
   trial	
   investigated	
   the	
   effect	
   of	
   a	
  

combined	
  motor	
  training	
  and	
  tDCS	
  program	
  in	
  chronic	
  stroke	
  patients	
  (Figure	
  6.1).	
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Figure	
  6.1:	
   Study	
   design.	
   Patients	
   were	
   seen	
   over	
   several	
  months.	
   Clinical:	
   clinical	
  
measures	
   (Fugl-­‐Meyer	
   and	
  ARAT);	
   tDCS:	
   anodal	
   or	
   sham	
   tDCS.	
   This	
   and	
   the	
   following	
  
chapter	
  are	
  primarily	
  concerned	
  with	
  the	
  sessions	
  which	
  included	
  imaging:	
  baseline,	
  day	
  
10	
  post-­‐intervention	
  	
  followup,	
  and	
  the	
  one	
  month	
  followup.	
  
	
  

	
  
Following	
  an	
  initial	
  consultation	
  with	
  a	
  physiotherapist	
  to	
  determine	
  suitability	
  for	
  

inclusion	
  in	
  the	
  study,	
  patients	
  were	
  randomly	
  assigned	
  to	
  receive	
  either	
  anodal	
  or	
  

sham	
  tDCS.	
  Prior	
  to	
  beginning	
  the	
  intervention,	
  patients	
  each	
  underwent	
  a	
  baseline	
  

session	
   of	
   clinical	
  measures	
   and	
   imaging.	
   The	
   intervention	
   period	
   lasted	
   for	
   nine	
  

days	
  (Monday	
  through	
  Friday	
  of	
  week	
  one,	
  Monday	
  through	
  Thursday	
  of	
  week	
  2),	
  

and	
   contained	
   daily	
   motor	
   training	
   and	
   tDCS.	
   Post-­‐intervention	
   follow-­‐ups	
  

consisting	
   of	
   clinical	
   measures	
   and	
   imaging	
   were	
   administered	
   immediately	
  

following	
  the	
  end	
  of	
  the	
  intervention	
  (Day	
  10),	
  and	
  one	
  month	
  later	
  (Day	
  39).	
  	
  

	
  

6.2.2 SUBJECTS	
  

	
   Twenty-­‐two	
  patients	
  are	
   included	
   in	
   this	
  analysis	
   (11	
  anodal,	
  11	
  sham).	
  At	
  

least	
  six	
  months	
  had	
  lapsed	
  since	
  each	
  participant’s	
  first	
  and	
  only	
  stroke,	
  and	
  all	
  had	
  

lost	
   some	
   motor	
   function	
   of	
   their	
   hand,	
   to	
   varying	
   degrees.	
   Both	
   cortical	
   and	
  

subcortical	
   strokes	
   were	
   included;	
   no	
   infarcts	
   impinged	
   on	
   M1.	
   Patients	
   had	
   no	
  

other	
  neurological	
   or	
  psychiatric	
   disorders,	
   nor	
   any	
   contraindications	
   for	
   fMRI	
  or	
  

tDCS.	
   Prior	
   to	
   inclusion	
   in	
   the	
   study,	
   all	
   patients	
   gave	
   their	
   written	
   informed	
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consent	
   in	
   accordance	
  with	
   local	
   ethics	
   committee	
   approval.	
   Table	
   6.1	
   provides	
   a	
  

summary	
  of	
  relevant	
  patient	
  characteristics;	
  Figure	
  6.2	
  shows	
  their	
  lesions.	
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/3
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02	
   M	
   74	
   44	
   13	
   0	
   1	
  
04	
   M	
   58	
   72	
   59	
   30	
   3	
  
07	
   F	
   45	
   54	
   61	
   43	
   3	
  
10	
   M	
   65	
   52	
   34	
   31	
   2	
  
11	
   M	
   71	
   44	
   36	
   19	
   2	
  
14	
   M	
   72	
   109	
   25	
   3	
   1	
  
20	
   M	
   58	
   105	
   52	
   43	
   3	
  
21	
   F	
   52	
   17	
   28	
   9	
   1	
  
22	
   M	
   70	
   41	
   56	
   37	
   3	
  
24	
   M	
   53	
   6	
   27	
   3	
   1	
  

Anodal	
  

26	
   F	
   37	
   19	
   35	
   3	
   1	
  
	
   	
   3F	
   59.55	
   51.18	
   38.73	
   20.09	
   5/2/4	
  

01	
   F	
   76	
   47	
   16	
   4	
   1	
  
03	
   M	
   67	
   47	
   62	
   55	
   3	
  
05	
   M	
   56	
   29	
   40	
   35	
   2	
  
06	
   M	
   55	
   92	
   62	
   48	
   3	
  
12	
   F	
   79	
   68	
   14	
   3	
   1	
  
13	
   M	
   72	
   31	
   14	
   0	
   1	
  
16	
   M	
   78	
   141	
   47	
   23	
   3	
  
17	
   M	
   68	
   97	
   37	
   40	
   2	
  
18	
   M	
   64	
   39	
   50	
   49	
   3	
  
23	
   M	
   69	
   99	
   46	
   27	
   3	
  

Sham	
  

25	
   F	
   44	
   9	
   21	
   3	
   1	
  
	
   	
   3F	
   66.18	
   63.55	
   37.81	
   26.09	
   4/2/5	
  

Overall	
  
Mean	
  

	
   6F/16M	
   62.86	
   57.36	
   37.95	
   23.09	
   9/4/9	
  

Table	
  6.1:	
  	
   Patient	
   characteristics.	
   UE-­‐FM:	
   Upper	
   extremity	
   Fugl-­‐Meyer.	
   ARAT:	
  
Action	
  reaction	
  arm	
  test.	
  GRASP:	
  Graded	
  repetitive	
  arm	
  supplementary	
  program.	
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Figure	
  6.2:	
  	
   Lesion	
  locations	
  of	
  anodal	
  (top	
  row)	
  and	
  sham	
  tDCS	
  (bottom	
  row)	
  groups.	
  
	
  

6.2.3 CLINICAL	
  MEASURES	
  

Multiple	
  clinical	
  measures	
  were	
  used	
  to	
  assess	
  motor	
  ability.	
  The	
  full	
  range	
  

of	
   these	
   clinical	
   outcomes	
   lies	
   outside	
   the	
   scope	
   of	
   this	
   thesis.	
   (They	
   have	
   been	
  

collected	
   and	
   analysed	
   in	
   depth	
   by	
   another	
   student	
   in	
   the	
   group).	
   Here,	
   we	
  

concentrate	
   on	
   two	
   complementary	
   clinical	
  measures:	
   the	
   Upper	
   Extremity	
   Fugl-­‐

Meyer	
   Assessment	
   (UE-­‐FM)	
   and	
   the	
   Action	
   Reaction	
   Arm	
   Test	
   (ARAT).	
   Both	
  

measures	
   are	
   sensitive	
   to	
   recovery-­‐related	
   motor	
   changes	
   present	
   in	
   stroke	
  

patients.	
  However,	
  they	
  are	
  attuned	
  to	
  different	
  dimensions	
  of	
  the	
  recovery	
  process.	
  

The	
  UE-­‐FM	
  measures	
  motor	
  recovery	
  as	
  indicative	
  of	
  impairment;	
  the	
  ARAT	
  

measures	
   functional	
   recovery	
   as	
   indicative	
   of	
   disability	
   level	
   	
   (DeWeerdt,	
   1985).	
  

While	
  related,	
  there	
  is	
  no	
  simple	
  relationship	
  between	
  impairment	
  and	
  disability,	
  as	
  

the	
  two	
  are	
  distinct	
  entities	
  (Roth	
  et	
  al.,	
  1998;	
  van	
  der	
  Lee	
  et	
  al.,	
  2001).	
  Impairment	
  

has	
   been	
   defined	
   as	
   “any	
   loss	
   or	
   abnormality	
   of	
   psychological,	
   physiological	
   or	
  

anatomical	
  structure	
  or	
  function”	
  (World	
  Health	
  Organisation).	
  Disability	
  has	
  been	
  

defined	
   as	
   “any	
   restriction	
   or	
   lack	
   (resulting	
   from	
   any	
   impairment)	
   of	
   ability	
   to	
  

perform	
   an	
   activity	
   in	
   the	
   manner	
   or	
   within	
   the	
   range	
   considered	
   normal	
   for	
   a	
  

human	
   being”	
   (World	
   Health	
   Organisation).	
   Thus,	
   by	
   measuring	
   impairment,	
   the	
  

UE-­‐FM	
   is	
   more	
   attuned	
   to	
   anatomical	
   changes	
   within	
   the	
   brain.	
   The	
   ARAT,	
   by	
  

measuring	
  disability,	
  more	
  accurately	
  reflects	
  motor	
  performance	
  and	
  the	
  execution	
  

of	
  tasks.	
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6.2.4 MOTOR	
  TRAINING	
  

	
   The	
   Graded	
   Repetitive	
   Arm	
   Supplementary	
   Program	
   (GRASP)	
   formed	
   the	
  

basis	
   of	
   our	
  motor	
   training	
   regimen	
   (Halsband	
  &	
  Lange,	
   2006;	
  Pang	
   et	
   al.,	
   2006).	
  

Previous	
   studies	
   have	
   shown	
   that	
   patients	
   who	
   complete	
   the	
   GRASP	
   program	
  

experience	
  motor	
  improvements	
  as	
  measured	
  by	
  the	
  UE-­‐FM	
  and	
  other	
  behavioural	
  

scales	
   (Halsband	
  &	
  Lange,	
  2006;	
  Pang	
  et	
  al.,	
  2006).	
  Tasks	
  performed	
  ranged	
   from	
  

gross	
  movements	
  (e.g.,	
  lifting	
  the	
  affected	
  arm)	
  to	
  exercises	
  requiring	
  finer	
  dexterity	
  

and	
   coordination	
   (e.g.,	
   buttoning	
   a	
   shirt	
   using	
   the	
   affected	
   hand).	
   Following	
   an	
  

initial	
  assessment	
  by	
  a	
  physiotherapist,	
  each	
  patient	
  was	
  stratified	
  into	
  one	
  of	
  three	
  

GRASP	
   levels	
   (1:	
  most	
   impaired,	
   through	
   to	
   3:	
   least	
   impaired),	
   according	
   to	
   their	
  

degree	
   of	
   paralysis.	
   For	
   each	
   patient,	
   the	
   tasks	
   administered	
   from	
   within	
   the	
  

prescribed	
  GRASP	
  level	
  were	
  tailored	
  to	
  the	
  individual’s	
  motor	
  ability.	
  

	
  

6.2.5 TDCS	
  ADMINISTRATION	
  

	
   On	
  each	
  day	
  of	
  the	
  intervention,	
  the	
  subjects	
  were	
  fitted	
  with	
  saline	
  soaked	
  

tDCS	
   electrodes	
   (5	
   x	
   7	
   cm).	
   The	
   reference	
   cathode	
   was	
   positioned	
   over	
   the	
  

contralesional	
  supraorbital	
  ridge,	
  while	
  the	
  stimulating	
  anode	
  was	
  placed	
  over	
  M1	
  

of	
  the	
  lesioned	
  cortex,	
  centered	
  over	
  the	
  hand	
  area	
  as	
  measured	
  to	
  be	
  5cm	
  lateral	
  to	
  

Cz.	
   The	
   current	
   generated	
   by	
   the	
   tDCS	
   machine	
   (Magstim	
   eldith)	
   was	
   steadily	
  

increased	
  to	
  1	
  mA	
  	
  over	
  10	
  seconds	
  and,	
  for	
  the	
  anodal	
  condition,	
  continued	
  for	
  20	
  

minutes.	
  For	
  those	
  subjects	
  receiving	
  sham	
  stimulation,	
  the	
  current	
  was	
  allowed	
  to	
  

reach	
   1	
   mA,	
   and	
   then	
   turned	
   off.	
   During	
   this	
   20	
   minutes	
   of	
   anodal	
   or	
   sham	
  

stimulation,	
  all	
  patients	
  received	
  modified	
  versions	
  of	
  the	
  GRASP.	
  After	
  20	
  minutes,	
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the	
  electrodes	
  were	
  removed.	
  The	
  GRASP	
  program	
  was	
  continued	
  for	
  an	
  additional	
  

20	
  minutes.	
  

	
  

6.2.6 IMAGE	
  ACQUISITION	
  AND	
  ANALYSIS	
  

	
   Three	
  imaging	
  sessions	
  were	
  performed:	
  at	
  baseline,	
  immediately	
  following	
  

intervention	
   cessation	
   on	
   Day	
   10,	
   and	
   Day	
   30.	
   Each	
   scanning	
   session	
   lasted	
  

approximately	
   fifty	
  minutes	
   and	
  was	
   performed	
   on	
   a	
   3T	
   Verio	
   scanner	
   (Siemens,	
  

Erlangen,	
  Germany).	
  T1	
  and	
  T2	
  weighted	
  structural	
  scans,	
   task	
   fMRI,	
   resting	
   fMRI	
  

and	
  DTI	
  were	
  collected,	
  as	
  detailed	
  below.	
  	
  

	
  

6.2.6.1 Task	
  fMRI	
  

	
   AQUISITION.	
   Axial	
   echo-­‐planar	
   volumes	
   were	
   acquired	
   (TR=2410ms,	
  

TE=30ms,	
  flip	
  angle=90°,	
  voxel	
  size=3x3x3mm).	
  During	
  acquisition	
  passive	
  flexion-­‐

extension	
   of	
   the	
   stroke	
   affected	
   hand	
   was	
   performed,	
   cued	
   by	
   a	
   1Hz	
   clicker	
  

presented	
  to	
  the	
  experimenter	
  via	
  headphones	
  attached	
  to	
  the	
  scanner.	
  Movements	
  

were	
  manually	
  guided	
  by	
  the	
  experimenter,	
  as	
  not	
  all	
  patients	
  retained	
  independent	
  

use	
  of	
  their	
  stroke	
  affected	
  hand.	
  Movement	
  and	
  rest	
  blocks	
  alternated	
  in	
  30	
  second	
  

periods.	
   Using	
   an	
   MPRAGE	
   sequence,	
   T1-­‐weighted	
   structural	
   images	
   were	
   also	
  

collected	
  and	
  used	
  in	
  the	
  registration	
  process.	
  

ANALYSIS.	
  	
   For	
   analysis	
   purposes,	
   images	
   from	
   patients	
   with	
   right	
  

hemispheric	
   strokes	
  were	
   flipped	
  about	
   the	
  midline	
  after	
   registration	
   to	
   standard	
  

space	
  so	
  that	
  all	
  lesions	
  appeared	
  on	
  the	
  left	
  side.	
  All	
  analysis	
  was	
  performed	
  using	
  

tools	
  from	
  FSL	
  (www.fmrib.ox.ac.uk/fsl).	
  

The	
  following	
  pre-­‐processing	
  steps	
  were	
  applied:	
  high-­‐pass	
  temporal	
  filtering	
  

at	
  100	
  seconds;	
  motion	
  correction	
  using	
  MCFLIRT	
  (Jenkinson	
  et	
  al.,	
  2002);	
  removal	
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of	
  non-­‐brain	
  tissue	
  using	
  BET;	
  spatial	
  smoothing	
  using	
  a	
  Gaussian	
  kernel	
  of	
  5mm;	
  B0	
  

unwarping	
   with	
   fieldmaps	
   using	
   FUGUE.	
   To	
   remove	
   artefactual	
   components,	
   the	
  

pre-­‐processed	
  EPI	
  data	
  were	
  then	
  denoised	
  using	
  Independent	
  Component	
  Analysis	
  

from	
  within	
  MELODIC,	
  as	
  detailed	
  in	
  section	
  3.3.5.3	
  (Beckmann	
  &	
  Smith,	
  2004).	
  	
  

Statistical	
   analyses	
   were	
   performed	
   on	
   this	
   denoised	
   data	
   using	
   FILM	
   with	
  

local	
   autocorrelation	
   correction	
   (Woolrich	
   et	
   al.,	
   2001).	
   Registration	
   of	
   each	
  

patient’s	
   individual	
   EPI	
   and	
   structural	
   images	
   to	
   standard	
   space	
   was	
   performed	
  

using	
  FNIRT	
  and	
  Boundary	
  Based	
  Registration	
  (BBR)	
  (Greve	
  &	
  Fischl,	
  2009).	
  Within	
  

FEAT,	
  a	
  boxcar	
  regressor	
  modelling	
  the	
  30-­‐second	
  task	
  and	
  rest	
  blocks	
  was	
  used	
  to	
  

create	
   first-­‐level	
   statistical	
   activation	
   maps	
   for	
   each	
   patient	
   at	
   each	
   timepoint:	
  

baseline	
  (base),	
  post-­‐intervention	
  on	
  Day	
  10	
  (post),	
  one	
  month	
  follow-­‐up	
  (month).	
  

Higher-­‐level,	
   mixed	
   effects	
   analyses	
   were	
   then	
   run	
   using	
   FLAME.	
   Two	
  

analyses	
   were	
   performed.	
   The	
   first	
   compared	
   activations	
   between	
   the	
   three	
  

timepoints	
   for	
   all	
   subjects,	
   collapsed	
   across	
   stimulation	
   conditions	
   (all	
   patients:	
  

post	
   –	
  base,	
  month	
  –	
  base,	
  month	
  –	
  post),	
  with	
   individual	
   subject	
   regressors.	
  The	
  

second	
   analysis	
   compared	
   the	
   three	
   timepoints	
   within	
   stimulation	
   condition	
  

(anodal:	
  post	
  –	
  base,	
  month	
  –	
  base,	
  month	
  –	
  post;	
  sham:	
  post	
  –	
  base,	
  month	
  –	
  base,	
  

month	
  –	
  post),	
  and	
  between	
  conditions	
  (anodal	
  –	
  sham:	
  post	
  –	
  base,	
  month	
  –	
  base,	
  

month	
   –	
   post).	
   For	
   each	
   of	
   these	
   analyses,	
   resulting	
   Z	
   statistic	
   images	
   were	
  

thresholded	
  using	
  clusters	
  formed	
  at	
  Z	
  =	
  2.0,	
  p	
  <	
  0.01.	
  

To	
  explore	
  the	
  data,	
  each	
  of	
  the	
  significant	
  clusters	
  determined	
  by	
  the	
  higher-­‐

level	
   analyses	
  was	
   binarised	
   and	
   used	
   as	
   a	
  mask	
   to	
   extract	
   the	
  mean	
   contrast	
   of	
  

parameter	
   estimate	
   (COPE)	
   from	
   each	
   patient’s	
   individual	
   EPI	
   data	
   file.	
   These	
  

COPEs	
  were	
  then	
  used	
  to	
  create	
  bar	
  graphs	
  to	
  better	
  visualise	
  the	
  changes	
  occurring	
  

within	
  some	
  of	
  these	
  areas.	
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6.2.6.2 Structural	
  MRI	
  

	
   ACQUISITION.	
   T1-­‐weighted	
   structural	
   images	
  were	
   acquired	
   for	
   all	
   subjects	
  

using	
  an	
  MPRAGE	
  sequence	
  (voxel	
  size=	
  1mm	
  isotropic,	
  TR=2040ms,	
  TE=4.7ms,	
  flip	
  

angle=8°).	
  For	
  some	
  subjects,	
  an	
  additional	
  T2-­‐weighted	
  structural	
  image	
  was	
  also	
  

acquired	
  (voxel	
  size=	
  0.6	
  x	
  0.5	
  x	
  3mm;	
  TR=5220ms;	
  TE=71ms;	
  flip	
  angle=120°).	
  	
  

	
   VBM	
  ANALYSIS.	
  	
   A	
   standard	
   FSL-­‐VBM	
   pipeline	
   was	
   used	
   to	
   analyse	
  

longitudinal	
   changes	
   in	
   grey	
   matter	
   (Douaud	
   et	
   al.,	
   2007).	
   For	
   each	
   subject,	
   the	
  

following	
   steps	
   were	
   taken:	
   the	
   three	
   T1-­‐weighted	
   structural	
   images	
   (baseline,	
  

post-­‐intervention,	
   and	
   one	
   month	
   follow-­‐up)	
   were	
   aligned	
   to	
   one	
   another	
   and	
   a	
  

“midpoint	
  space”	
  was	
  created	
  that	
  was	
  equidistant	
  from	
  all	
  three	
  images.	
  The	
  scans	
  

were	
   averaged	
   together	
   in	
   this	
   space	
   and	
   the	
   resulting	
   image	
   was	
   then	
   brain-­‐

extracted	
  using	
  BET,	
  creating	
  a	
  brain	
  mask.	
  This	
  brain	
  mask	
  was	
  then	
  transformed	
  

back	
   to	
   each	
   scan’s	
   original	
   space	
   and	
  used	
   to	
  mask	
   each	
   scan	
   equivalently.	
   Each	
  

scan	
  was	
   then	
   segmented	
   in	
   its	
   native	
   space	
  using	
  FAST.	
  The	
   grey	
  matter	
   for	
   the	
  

three	
  scans	
  for	
  each	
  subject	
  were	
  then	
  transformed	
  to	
  the	
  subject’s	
  midpoint	
  space,	
  

where	
   they	
  were	
  averaged	
  together.	
  These	
  average	
  grey	
  matter	
   images	
  were	
   then	
  

nonlinearly	
  aligned	
  to	
  standard	
  MNI	
  space	
  using	
  FNIRT.	
  

	
   The	
   standard-­‐space	
   aligned,	
   average	
  grey	
  matter	
   images	
  of	
   all	
   the	
   subjects	
  

(i.e.,	
   one	
  per	
   subject)	
  were	
   then	
   combined	
   to	
  build	
   a	
   study-­‐specific	
   template.	
   The	
  

average	
   grey	
  matter	
   images	
  were	
   then	
   re-­‐aligned	
   to	
   this	
   study-­‐specific	
   template.	
  

The	
   grey	
  matter	
   for	
   each	
   individual	
   scan	
   (i.e.,	
   three	
   scans	
   per	
   subject)	
   was	
   then	
  

transformed	
  to	
  standard	
  space	
  using	
  the	
  combination	
  of	
  rigid	
  transformation	
  from	
  

native	
   space	
   to	
  midpoint	
   space	
   and	
   the	
  warp	
   from	
  midpoint	
   space	
   to	
  MNI	
   space.	
  	
  

The	
  images	
  were	
  then	
  modulated	
  for	
  local	
  expansion	
  and	
  contraction	
  caused	
  by	
  the	
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non-­‐linear	
   registration	
   and	
   smoothed	
  with	
   a	
   sigma	
   of	
   4mm.	
   These	
   pre-­‐processed	
  

images	
   were	
   then	
   analysed	
   using	
   permutation-­‐based	
   testing,	
   as	
   implemented	
   in	
  

Randomise	
   within	
   FSL,	
   to	
   test	
   for	
   statistical	
   differences	
   between	
   timepoints	
   and	
  

groups,	
   using	
   the	
   same	
   contrasts	
   as	
   outlined	
   above	
   for	
   the	
   higher-­‐level	
   FEAT	
  

analysis.	
   Threshold-­‐free	
   cluster	
   enhancement	
   was	
   used	
   to	
   determine	
   areas	
   of	
  

significant	
  differences	
  at	
  a	
  level	
  of	
  p<0.05,	
  corrected	
  for	
  family-­‐wise	
  error.	
  

	
   T2	
  ANALYSIS.	
   The	
   T2-­‐weighted	
   structural	
   images	
   from	
   each	
   subject	
   were	
  

brain-­‐extracted	
   using	
   BET,	
   then	
   registered	
   to	
   the	
   subject’s	
   corresponding	
   T1-­‐

weighted	
  structural	
  images	
  using	
  BBR.	
  The	
  nonlinear	
  warp	
  fields	
  generated	
  by	
  the	
  

T1	
   VBM	
   analysis	
  were	
   then	
   used	
   to	
   register	
   the	
   T2-­‐weighted	
   images	
   to	
   standard	
  

space.	
   As	
   these	
   images	
   are	
   T2-­‐weighted,	
   and	
   thus	
   the	
   value	
   of	
   each	
   voxel	
   has	
   no	
  

intrinsic	
  meaning,	
  each	
  subject’s	
  image	
  was	
  normalised	
  by	
  the	
  median	
  of	
  all	
  values	
  

across	
  the	
  brain.	
  These	
  median-­‐normalised	
  T2-­‐weighted	
  images	
  were	
  then	
  analysed	
  

using	
  non-­‐parametric	
  statistical	
  methods	
  implemented	
  by	
  Randomise.	
  

	
  

6.2.6.3 Diffusion	
  MRI	
  

	
   ACQUISITION.	
   Two	
  sets	
  of	
  diffusion	
  weighted	
  volumes	
  were	
  acquired	
  	
  (voxel	
  

size=	
   2mm	
   isotropic;	
   TR=9600ms;	
   TE=	
   87ms;	
   60	
   directions	
   with	
   a	
   b-­‐value	
   1000	
  

s/mm2;	
  and	
  8	
  volumes	
  without	
  diffusion	
  weighting,	
  b-­‐value=0	
  s/mm2).	
  	
  

	
   MEAN	
  DIFFUSIVITY	
  ANALYSIS.	
   Diffusion	
   data	
   was	
   analysed	
   using	
   FMRIB’s	
  

Diffusion	
  Toolbox	
  (FDT).	
  Eddy	
  current	
  correction	
  was	
  run	
  to	
  reduce	
  the	
  distortions	
  

induced	
  by	
  the	
  gradient	
  coils,	
  and	
  to	
  correct	
  for	
  head	
  motion	
  by	
  affine	
  registering	
  all	
  

images	
  acquired	
  for	
  one	
  subject	
  to	
  one	
  another.	
  DTIfit	
  then	
  fit	
  a	
  diffusion	
  tensor	
  at	
  

each	
  brain	
  voxel,	
  which	
  was	
  subsequently	
  used	
  to	
  generate	
  voxel-­‐wise	
  estimates	
  of	
  

mean	
   diffusivity	
   (MD).	
   The	
   longitudinal	
   voxel-­‐based	
   analysis	
   of	
   the	
   MD	
   images	
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proceeded	
  as	
  above	
   for	
   the	
  T2-­‐weighted	
   images;	
  as	
  MD	
  is	
  a	
  quantitative	
  value,	
  no	
  

normalisation	
  of	
  the	
  data	
  was	
  required	
  prior	
  to	
  analysis.	
  

	
  

6.2.6.4 Resting	
  fMRI	
  

	
   ACQUISITION.	
   Axial	
   echo-­‐planar	
   volumes	
   were	
   acquired	
   (TR=2410ms,	
  

TE=30ms,	
  flip	
  angle=90°,	
  voxel	
  size=3mm	
  isotropic).	
  During	
  this	
  time,	
  subjects	
  were	
  

instructed	
  to	
  relax	
  with	
  their	
  eyes	
  open;	
  no	
  task	
  was	
  performed.	
  

	
  

6.3 RESULTS	
  

6.3.1 BEHAVIOURAL	
  IMPROVEMENTS	
  

	
   When	
   considering	
   the	
   full	
   set	
   of	
   patients	
   and	
   follow-­‐up	
   timepoints,	
   a	
   RM-­‐

ANOVA	
  found	
  a	
  significant	
  main	
  effect	
  of	
  time	
  on	
  both	
  clinical	
  measures	
  (ARAT:	
  F(4,	
  

72)=	
  25.09,	
  p<0.001;	
  UE-­‐FM:	
  F(4,	
  72)=	
  24.07,	
  p<0.001),	
  demonstrating	
  that,	
  overall,	
  

patients’	
   behavioural	
   scores	
   improved	
   over	
   time.	
   Moreover,	
   RM-­‐ANOVA	
   on	
   the	
  

absolute	
   change	
   in	
   clinical	
   scores	
   for	
   post-­‐tDCS	
   timepoints	
   relative	
   to	
   baseline	
  

showed	
   a	
   significant	
   main	
   effect	
   of	
   tDCS	
   on	
   the	
   ARAT	
   (F(1,18)=4.49,	
   p=0.048),	
  

demonstrating	
   that	
   the	
   two	
   interventions	
   (motor	
   training	
   alone,	
   simultaneous	
  

motor	
   training	
   and	
   anodal	
   tDCS)	
   have	
   differential	
   effects	
   on	
   behaviour.	
   For	
   the	
  

subset	
   of	
   patients	
   and	
   timepoints	
   presented	
   in	
   this	
   chapter	
   (those	
   that	
   contain	
  

imaging	
   measures),	
   similar	
   results	
   were	
   found	
   (RM-­‐ANOVA,	
   main	
   effect	
   of	
   time.	
  

ARAT:	
   F(2,40)=	
   30.345,	
   p<0.001;	
   UE-­‐FM:	
   F(2,40)=37.312,	
   p<0.001;	
   RM-­‐ANOVA,	
  

time	
   by	
   intervention	
   interaction.	
   ARAT:	
   F(2,40)=	
   1.519,	
   p=0.231).	
   Figure	
   6.2	
  

illustrates	
   improvements	
   in	
  motor	
  ability	
  as	
  measured	
  by	
   increased	
  scores	
  on	
   the	
  

ARAT	
  (Figure	
  6.3A)	
  and	
  Fugl-­‐Meyer	
  (6.3B).	
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Figure	
  6.3:	
  	
   Behavioural	
   changes.	
   (A)	
   Increase	
   in	
  ARAT	
   score.	
   (B)	
   Increase	
   in	
  UE-­‐FM	
  
score.	
  	
  For	
  both	
  clinical	
  measures,	
  positive	
  numbers	
  reflect	
  greater	
  improvement.	
  
	
  

6.3.2 RESTING	
  FMRI	
  AND	
  DTI	
  

	
   No	
  significant	
  longitudinal	
  changes	
  were	
  found	
  within	
  the	
  resting	
  state	
  fMRI	
  

data	
  or	
  the	
  DTI	
  data	
  so	
  those	
  modalities	
  are	
  not	
  considered	
  further	
  in	
  this	
  chapter.	
  

	
  

6.3.3 TASK	
  FMRI	
  	
  

Rehabilitation	
   causes	
   greater	
   deactivation	
   of	
  medial	
   parietal-­occipital	
   areas	
   during	
  

task-­performance	
  

	
   We	
   first	
   determined	
   whether	
   our	
   rehabilitation	
   program	
   produced	
  

functional	
   changes	
   in	
   task-­‐based	
   activation	
   in	
   the	
   stroke	
   patients.	
   A	
   voxel-­‐wise	
  

analysis	
  of	
  all	
  patients	
  (in	
  both	
  the	
  anodal	
  and	
  sham	
  groups)	
  comparing	
  activation	
  

patterns	
   between	
   the	
   three	
   timepoints	
   found	
   significant	
   differences	
   between	
  

baseline	
   and	
   post-­‐intervention	
   (Figure	
   6.4A).	
   These	
   changes	
   were	
   primarily	
  

posterior,	
   including	
   the	
  precuneus	
   and	
  posterior	
   cingulate	
   cortex	
   (Table	
  6.2).	
  Bar	
  

graphs	
   plotting	
   the	
   COPEs	
   extracted	
   from	
   these	
   areas	
   showed	
   that	
   these	
   regions	
  

showed	
  deactivation	
  during	
   task	
  performance	
  at	
  all	
   time	
  points,	
  but	
   that	
   this	
  was	
  

*	
  
*	
   *	
  

*	
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greater	
   in	
  magnitude	
  post-­‐intervention	
  (Figure	
  6.4B).	
  Whole	
  brain	
  analyses	
  of	
   the	
  

contrasts	
  between	
  other	
  timepoint	
  pairs	
  (post-­‐intervention	
  and	
  one	
  month	
  follow-­‐

up;	
  baseline	
  and	
  one	
  month	
  follow-­‐up)	
  were	
  non-­‐significant.	
  

	
  

	
  

	
  
Figure	
  6.4:	
  	
   Task	
   based	
   changes	
   from	
   baseline	
   to	
   post-­‐intervention.	
   (A)	
   Decreased	
  
activation	
   in	
   posterior	
   areas	
   is	
   apparent.	
   Clusters	
  were	
   formed	
   at	
   z=2.0,	
   p<0.01.	
   The	
  
resulting	
  image	
  has	
  been	
  thresholded	
  at	
  z=3.5	
  for	
  display	
  purposes.	
  Coordinates	
  are	
  (-­‐4,	
  
-­‐58,	
   28).	
   (B)	
   Bar	
   graph	
   of	
   extracted	
   copes	
   from	
   the	
   regions	
   illustrated	
   in	
   (A).	
   Left	
  
hemisphere	
  is	
  the	
  lesioned	
  hemisphere.	
  

A	
  

B	
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Anatomical	
  Region	
  
Cluster	
  size	
  
(voxels)	
  

Maximum	
  
Z	
  score	
  

Coordinates	
  of	
  maximum	
  Z	
  
statistic	
  

	
   x	
   y	
   z	
  
Base	
  to	
  Post	
  -­‐	
  Decrease	
   	
   	
   	
   	
   	
  
Cluster	
  1	
  
L	
  Precuneus	
  
L	
  cingulate	
  
R	
  angular	
  gyrus	
  
L	
  precuneus	
  
L	
  posterior	
  cingulate	
  gyrus	
  
L	
  intracalcarine	
  cortex	
  

3411	
   	
  
4.34	
  
4.13	
  
4.03	
  
3.95	
  
3.89	
  
3.86	
  

	
  
-­‐4	
  
-­‐8	
  
34	
  
-­‐12	
  
-­‐8	
  
-­‐10	
  

	
  
-­‐66	
  
-­‐46	
  
-­‐56	
  
-­‐70	
  
-­‐52	
  
-­‐62	
  

	
  
26	
  
6	
  
26	
  
22	
  
16	
  
8	
  

Table	
  6.2:	
  	
   Location	
  and	
  Z	
  statistic	
  of	
  peak	
  voxels.	
  Regions	
  experiencing	
  altered	
  task-­‐
based	
  activation	
  following	
  the	
  rehabilitation	
  program.	
  
	
  

Differential	
  activation	
  changes	
  between	
  anodal	
  and	
  sham	
  tDCS	
  groups	
  	
  

	
   We	
   then	
   directly	
   compared	
   longitudinal	
   changes	
   in	
   activation	
   patterns	
  

between	
   the	
   anodal	
   and	
   sham	
   tDCS	
  groups.	
   In	
  progressing	
   from	
  baseline	
   to	
  post-­‐

intervention,	
   the	
   anodal	
   tDCS	
   group	
   experienced	
   larger	
   increases	
   in	
   activation	
   in	
  

primarily	
   ipsilesional	
  motor	
   areas	
   than	
   those	
   in	
   the	
   sham	
   group	
   (Figure	
   6.5A,	
   B;	
  

Table	
  6.3).	
  A	
  correlation	
  analysis	
  across	
  all	
  patients	
  between	
  the	
  change	
  in	
  activity	
  

within	
   these	
   clusters	
   and	
   improvements	
   on	
   the	
   ARAT	
   approached	
   significance	
  

(r=0.418,	
   p=0.053,	
   Figure	
   6.5C),	
   such	
   that	
   patients	
   showing	
   a	
   greater	
   increase	
   in	
  

ipsilesional	
   motor	
   activity	
   had	
   greater	
   improvements	
   in	
   ARAT	
   score.	
   Relative	
   to	
  

immediately	
  post-­‐intervention,	
  at	
   the	
  one	
  month	
   follow-­‐up	
  the	
  anodal	
   tDCS	
  group	
  

showed	
  greater	
  activation	
  in	
  ipsilesional	
  subcortical	
  areas	
  than	
  did	
  the	
  sham	
  tDCS	
  

group	
   (Figure	
   6.5D,	
   F).	
   Lastly,	
   a	
   comparison	
   of	
   the	
   overall	
   change	
   in	
   task-­‐based	
  

activation	
   from	
   baseline	
   to	
   the	
   one	
  month	
   follow-­‐up	
   revealed	
   diffuse	
   ipsilesional	
  

increases	
   in	
   primary	
   and	
   secondary	
   motor	
   areas	
   for	
   the	
   anodal	
   tDCS	
   group	
  

compared	
  to	
  sham	
  tDCS	
  (Figure	
  6.5E,	
  G).	
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Figure	
  6.5:	
   Task-­‐based	
   changes	
   when	
   comparing	
   the	
   anodal	
   tDCS	
   and	
   sham	
   tDCS	
  
groups.	
  A)	
  Changes	
  from	
  baseline	
  to	
  post-­‐intervention.	
  Coordinates	
  are	
  (-­‐34,	
  0,	
  48).	
  B)	
  
Bar	
  graph	
  of	
  the	
  changes	
  from	
  regions	
  in	
  (A).	
  C)	
  Change	
  in	
  the	
  regions	
  identified	
  in	
  (A)	
  
show	
   a	
   trend	
   toward	
   correlating	
   with	
   improvements	
   on	
   the	
   ARAT.	
   D)	
   Changes	
   from	
  
post-­‐intervention	
  to	
  one	
  month	
  follow-­‐up.	
  Coordinates	
  are	
  (-­‐44,	
  -­‐58,	
  2).	
  
	
  

A	
  

D	
  

	
  	
  	
  C	
  B	
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Figure	
  6.5	
  (cont.):	
   Task-­‐based	
  changes	
  when	
  comparing	
   the	
  anodal	
   tDCS	
  and	
  sham	
  
tDCS	
  groups.	
  E)	
  Changes	
  from	
  baseline	
  to	
  one	
  month	
  follow-­‐up.	
  Coordinates	
  are	
  (-­‐34,	
  0,	
  
48).	
  F)	
  Bar	
  graph	
  of	
  changes	
  from	
  (D).	
  G)	
  Bar	
  graph	
  from	
  changes	
  in	
  (E).	
  Clusters	
  in	
  (A),	
  
(C),	
   and	
   (D)	
  were	
   formed	
   at	
   z=2.0,	
   p<0.01.	
   The	
   resulting	
   images	
  were	
   thresholded	
   at	
  
z=3.5	
  for	
  display	
  purposes.	
  Left	
  hemisphere	
  is	
  lesioned	
  hemisphere.	
  
	
  

	
  

Anatomical	
  Region	
  
Cluster	
  size	
  
(voxels)	
  

Maximum	
  
Z	
  score	
  

Coordinates	
  of	
  maximum	
  Z	
  
statistic	
  

	
   x	
   y	
   z	
  
Base	
  to	
  Post	
  -­‐	
  Increase	
   	
   	
   	
   	
   	
  
Cluster	
  1	
  
L	
  insula	
  
L	
  putamen	
  
L	
  ventral	
  premotor	
  cortex	
  
L	
  caudate	
  
L	
  sensory	
  cortex	
  
L	
  frontal	
  pole	
  

5567	
   	
  
4.19	
  
4.08	
  
4.06	
  
3.83	
  
3.83	
  
3.70	
  

	
  
-­‐40	
  
-­‐28	
  
-­‐40	
  
-­‐18	
  
-­‐52	
  
-­‐16	
  

	
  
-­‐10	
  
4	
  
-­‐4	
  
-­‐6	
  
-­‐14	
  
56	
  

	
  
-­‐2	
  
4	
  
38	
  
24	
  
44	
  
-­‐8	
  

Cluster	
  2	
  
R	
  putamen	
  
R	
  cerebral	
  white	
  matter	
  
R	
  thalamus	
  

1529	
   	
  
3.83	
  
3.71	
  
3.49	
  

	
  
24	
  
36	
  
18	
  

	
  
10	
  
-­‐32	
  
-­‐8	
  

	
  
8	
  
0	
  
18	
  

E	
  

	
  	
  	
  G	
  F	
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R	
  supramarginal	
  gyrus	
  
R	
  caudate	
  
R	
  thalamus	
  

3.38	
  
3.38	
  
3.37	
  

50	
  
14	
  
14	
  

-­‐38	
  
16	
  
-­‐14	
  

8	
  
20	
  
18	
  

Post	
  to	
  Month	
  -­‐	
  Increase	
   	
   	
   	
   	
   	
  
Cluster	
  1	
  
L	
  middle	
  temporal	
  gyrus	
  
L	
  inferior	
  temporal	
  gyrus	
  
L	
  inferior	
  temporal	
  gyrus	
  
L	
  lateral	
  occipital	
  cortex	
  
L	
  angular	
  gyrus	
  
L	
  lateral	
  occipital	
  cortex	
  

857	
   	
  
3.72	
  
3.69	
  
3.63	
  
3.22	
  
3.11	
  
3.1	
  

	
  
-­‐42	
  
-­‐48	
  
-­‐44	
  
-­‐36	
  
-­‐50	
  
-­‐48	
  

	
  
-­‐58	
  
-­‐64	
  
-­‐62	
  
-­‐60	
  
-­‐58	
  
-­‐72	
  

	
  
2	
  
-­‐6	
  
-­‐8	
  
6	
  
10	
  
6	
  

Cluster	
  2	
  
L	
  lingual	
  gyrus	
  
Brain	
  stem	
  
L	
  cerebellum	
  
Brain	
  stem	
  
L	
  cerebellum	
  
Cerebellum	
  

808	
   	
  
3.6	
  
3.45	
  
3.29	
  
3.21	
  
3.12	
  
3.1	
  

	
  
-­‐8	
  
-­‐10	
  
-­‐10	
  
0	
  
-­‐28	
  
-­‐2	
  

	
  
-­‐80	
  
-­‐38	
  
-­‐64	
  
-­‐32	
  
-­‐52	
  
-­‐58	
  

	
  
-­‐20	
  
-­‐36	
  
-­‐24	
  
-­‐32	
  
-­‐28	
  
-­‐22	
  

Base	
  to	
  Month	
  -­‐	
  Increase	
   	
   	
   	
   	
   	
  
Cluster	
  1	
  
L	
  lingual	
  gyrus	
  
L	
  putamen	
  
R	
  frontal	
  pole	
  
L	
  paracingulate	
  gyrus	
  
L	
  angular	
  gyrus	
  
L	
  superior	
  parietal	
  lobule	
  

13586	
   	
  
4.64	
  
4.51	
  
4.41	
  
4.39	
  
4.28	
  
4.28	
  

	
  
-­‐14	
  
-­‐22	
  
12	
  
-­‐10	
  
-­‐30	
  
-­‐34	
  

	
  
56	
  
6	
  
56	
  
28	
  
-­‐60	
  
-­‐42	
  

	
  
-­‐8	
  
10	
  
-­‐10	
  
38	
  
26	
  
46	
  

Cluster	
  2	
  
R	
  lateral	
  occipital	
  cortex	
  
R	
  lateral	
  occipital	
  cortex	
  
R	
  intracalcerine	
  cortex	
  
R	
  lateral	
  occipital	
  cortex	
  
R	
  lateral	
  occipital	
  cortex	
  
R	
  occipital	
  pole	
  

845	
   	
  
3.96	
  
3.74	
  
3.57	
  
3.55	
  
3.36	
  
3.31	
  

	
  
36	
  
50	
  
22	
  
32	
  
28	
  
28	
  

	
  
-­‐68	
  
-­‐70	
  
-­‐82	
  
-­‐80	
  
-­‐68	
  
-­‐90	
  

	
  
2	
  
6	
  
6	
  
-­‐2	
  
24	
  
-­‐4	
  

Table	
  6.3:	
  	
   Location	
  and	
  Z	
  statistic	
  of	
  peak	
  voxels.	
  Regions	
  experiencing	
  altered	
  task-­‐
based	
  activation	
  following	
  the	
  rehabilitation	
  program	
  when	
  comparing	
  anodal	
  and	
  sham	
  
tDCS	
  groups.	
  
	
  

6.3.4 STRUCTURAL	
  MRI	
  

tDCS	
  causes	
  structural	
  increase	
  in	
  bilateral	
  motor	
  areas	
  

	
   Given	
   the	
   task-­‐based	
   activation	
   changes	
   produced	
   by	
   the	
   rehabilitation	
  

program,	
  we	
  proceeded	
   to	
   investigate	
  structural	
  modifications	
   that	
  may	
  also	
  have	
  

occurred.	
  A	
  whole-­‐brain	
  VBM	
  analysis	
  combining	
  both	
  stimulation	
  groups	
  detected	
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no	
  significant	
  structural	
  changes	
  between	
  any	
  timepoints.	
  When	
  comparing	
  the	
  two	
  

stimulation	
   groups	
   to	
   each	
   other,	
   regions	
   that	
   were	
   differentially	
   affected	
   by	
   the	
  

two	
  stimulation	
  conditions	
  were	
  detected	
  (anodal	
  versus	
  sham:	
  post	
  intervention	
  –	
  

baseline	
   contrast;	
   Figure	
   6.6A).	
   These	
   regions	
   were	
   largely	
   located	
   in	
   the	
  

ipsilesional	
  PMd	
  and	
  M1—particularly	
  the	
  portion	
  representing	
  the	
  hand	
  area,	
  and	
  

the	
   contralesional	
   postcentral	
   gyrus.	
   For	
   patients	
   who	
   received	
   anodal	
   tDCS	
   and	
  

motor	
   training,	
  grey	
  matter	
  primarily	
   increased	
   in	
   these	
  areas;	
   for	
   those	
  receiving	
  

sham	
  tDCS	
  and	
  motor	
  training,	
  grey	
  matter	
  decreased	
   in	
  these	
  areas	
  (Figure	
  6.6B).	
  

These	
   changes	
   were	
   significantly	
   different	
   than	
   zero	
   in	
   both	
   the	
   anodal	
  

(t(10)=2.678,	
   p=0.023)	
   and	
   sham	
   tDCS	
   groups	
   (t(10)=3.030,	
   p=0.013).	
  Moreover,	
  

these	
  structural	
  changes	
  were	
  positively	
  correlated	
  with	
  improvements	
  on	
  the	
  UE-­‐

FM	
  across	
  all	
  patients	
   (r=0.450,	
  p=0.036,	
  Figure	
  6.6C).	
  That	
   is,	
   larger	
   increases	
   in	
  

these	
   VBM-­‐identified	
   areas	
   were	
   associated	
   with	
   larger	
   behavioural	
   gains	
   as	
  

measured	
   by	
   the	
   Fugl-­‐Meyer.	
   Structural	
   changes	
   did	
   not	
   correlate	
   with	
  

improvements	
  on	
  the	
  ARAT.	
  The	
  magnitude	
  of	
  the	
  structural	
  changes	
  in	
  these	
  areas	
  

also	
   positively	
   correlates	
   with	
   the	
   task-­‐based	
   changes	
   identified	
   by	
   the	
   similar	
  

analysis	
   performed	
   on	
   the	
   fMRI	
   data	
   as	
   shown	
   in	
   Figure	
   6.5A	
   above	
   (r=0.464,	
  

p=0.030,	
  Figure	
  6.6D).	
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Figure	
  6.6:	
  	
   Structural	
   increases	
   associated	
   with	
   anodal	
   tDCS.	
   A)	
   Regions	
   that	
  
experienced	
   increased	
   grey	
   matter	
   volume	
   from	
   baseline	
   to	
   post-­‐intervention	
   when	
  
comparing	
  the	
  anodal	
  and	
  sham	
  tDCS	
  groups.	
  Coordinates	
  are	
  (-­‐32,	
  -­‐22,	
  56).	
  Significant	
  
regions	
   determined	
   using	
   threshold-­‐free	
   cluster	
   enhancement;	
   resulting	
   image	
  
thresholded	
   at	
   p<0.05.	
   Left	
   hemisphere	
   is	
   lesioned	
   hemisphere.	
   B)	
   Bar	
   graph	
   of	
   the	
  
change	
  in	
  grey	
  matter	
  in	
  the	
  areas	
  shown	
  in	
  (A).	
  C)	
  Change	
  in	
  the	
  regions	
  identified	
  in	
  
(A)	
   positively	
   correlate	
  with	
   improvements	
   on	
   the	
   UE-­‐FM.	
   D)	
   Changes	
   in	
   the	
   regions	
  
identified	
  in	
  (A)	
  positively	
  correlate	
  with	
  changes	
  in	
  task-­‐based	
  fMRI	
  activity	
  in	
  regions	
  
shown	
  in	
  Figure	
  6.5C.	
  
	
  

A	
  

B	
   C	
  

D	
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Structural	
  results	
  unlikely	
  to	
  be	
  due	
  to	
  stimulation-­induced	
  oedema	
  

	
   Many	
  of	
  the	
  structural	
  changes	
  identified	
  by	
  the	
  VBM	
  analysis	
  were	
  localised	
  

to	
  the	
  area	
  underneath	
  the	
  stimulating	
  tDCS	
  electrode.	
  Although	
  we	
  do	
  not	
  expect	
  

tDCS	
   to	
  directly	
   cause	
   lasting	
   tissue	
   change,	
  we	
  wished	
   to	
   rule	
  out	
   the	
  possibility	
  

that	
   oedema	
   may	
   have	
   occurred	
   under	
   the	
   tDCS	
   electrode,	
   and	
   could	
   have	
  

influenced	
   the	
   VBM	
   analysis.	
   This	
   verification	
  was	
   accomplished	
   by	
   performing	
   a	
  

voxel-­‐wise	
   analysis	
   of	
   the	
   subjects’	
   T2-­‐weighted	
   structural	
   images:	
   oedema	
  

manifests	
  as	
  an	
  increase	
  in	
  brightness,	
  which	
  would	
  be	
  detected	
  with	
  VBM	
  tools.	
  Of	
  

the	
   22	
   patients	
   included	
   in	
   this	
   study,	
   six	
   had	
   T2-­‐weighted	
   scans	
   at	
   all	
   imaging	
  

timepoints	
   (three	
   patients	
   in	
   each	
   stimulation	
   group).	
   A	
   VBM	
   analysis	
   of	
   the	
   T2	
  

images	
   from	
   these	
   subjects	
   showed	
   no	
   regions	
   of	
   significant	
   increases.	
   Given	
   the	
  

small	
  group	
  size	
  available	
  for	
  this	
  test,	
  further	
  data	
  exploration	
  was	
  performed.	
  The	
  

minimum	
  p-­‐value	
  was	
  located	
  in	
  the	
  ventral	
  cerebellum	
  (p=0.06,	
  coordinates	
  are	
  (-­‐

18,	
  -­‐50,	
  -­‐58)).	
  The	
  minimum	
  p-­‐value	
  found	
  within	
  the	
  region	
  identified	
  by	
  the	
  initial	
  

T1	
  VBM	
  analysis	
  (see	
  Figure	
  6.7A)	
  was	
  p=0.45.	
  Additionally,	
  using	
  this	
  region	
  as	
  a	
  

mask,	
   we	
   extracted	
   COPEs	
   from	
   the	
   contrast	
   of	
   normalised	
   T2-­‐weighted	
   images	
  

across	
   time.	
   A	
   t-­‐test	
   comparing	
   the	
   change	
   from	
   baseline	
   to	
   post-­‐intervention	
  

yielded	
   no	
   significant	
   differences	
   between	
   groups	
   (t(4)=2.733,	
   p=0.052);	
  

exploratory	
   comparisons	
   between	
   baseline	
   and	
   post-­‐intervention	
   within	
   each	
  

group	
  were	
   also	
  not	
   significant	
   (anodal	
   tDCS:	
   t(2)=	
  1.1475,	
   p=	
  0.370;	
   sham	
   tDCS:	
  

t(2)=	
  2.7188,	
  p=	
  0.113).	
  If	
  anything,	
  the	
  trend	
  points	
  towards	
  increased	
  brightness	
  

in	
  the	
  sham	
  stimulation	
  group.	
  	
  

	
   As	
   this	
   T2	
   analysis	
  was	
   only	
   performed	
   in	
   six	
   of	
   the	
   22	
   patients,	
   we	
   then	
  

sought	
  to	
  replicate	
  the	
  initial	
  VBM	
  results	
  in	
  this	
  smaller	
  cohort	
  for	
  whom	
  we	
  could	
  

report	
  the	
  absence	
  of	
  tDCS-­‐induced	
  oedema.	
  Replicating	
  the	
  initial	
  VBM	
  analysis	
  for	
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this	
  group	
  of	
  6	
  subjects	
  produced	
  no	
  significant	
  results,	
  as	
  expected	
  in	
  an	
  analysis	
  

containing	
   3	
   patients	
   per	
   group.	
   However,	
   the	
   areas	
   that	
   most	
   approached	
  

significance	
  were	
   indeed	
   found	
   in	
   regions	
  similar	
   to	
   those	
   identified	
  by	
   the	
   initial	
  

VBM	
   output.	
   Figure	
   6.8	
   shows	
   the	
   results	
   of	
   the	
   analysis	
   of	
   this	
   smaller	
   cohort,	
  

achieved	
  using	
  threshold-­‐free	
  cluster	
  enhancement.	
  For	
  display	
  purposes,	
  the	
  image	
  

has	
  been	
  thresholded	
  at	
  a	
  significance	
  level	
  of	
  p<0.30.	
  

	
  

	
  
Figure	
  6.7:	
  	
   VBM	
  analysis	
  of	
  6	
  subjects.	
  Note	
  the	
  similarity	
  to	
  the	
  areas	
  presented	
  in	
  
Figure	
   6.6A.	
   Coordinates	
   are	
   (-­‐32,	
   -­‐22,	
   56).	
   Significant	
   regions	
   determined	
   using	
  
threshold-­‐free	
  cluster	
  enhancement;	
  resulting	
  image	
  thresholded	
  at	
  p<0.30.	
  
	
  

	
   Although	
  T2	
  images	
  provide	
  the	
  most	
  robust	
  measure	
  of	
  oedema,	
  we	
  sought	
  

to	
   investigate	
   an	
   additional	
   imaging	
   modality—present	
   in	
   all	
   22	
   patients,	
   which	
  

might	
   provide	
   complementary	
   results.	
   To	
   this	
   end,	
  we	
   examined	
  mean	
  diffusivity	
  

(MD)	
  across	
  the	
  brain.	
  MD	
  values	
  would	
  be	
  higher	
  in	
  oedemic	
  tissue	
  than	
  in	
  healthy	
  

tissue.	
  A	
  VBM	
  analysis	
  of	
  the	
  MD	
  images	
  comparing	
  changes	
  from	
  baseline	
  to	
  post-­‐

intervention	
   between	
   the	
   two	
   groups	
   (anodal	
   tDCS	
   versus	
   sham	
   tDCS)	
   found	
   no	
  

areas	
   of	
   significant	
   differences.	
   The	
   minimum	
   p-­‐value	
   was	
   located	
   in	
   the	
   right	
  

cerebellum	
   (p=0.32,	
   coordinates	
   are	
   (42,	
   -­‐74,	
   -­‐36)).	
   The	
  minimum	
   p-­‐value	
   found	
  

within	
   the	
   region	
   identified	
   by	
   the	
   initial	
   T1	
   VBM	
   analysis	
   (see	
   Figure	
   6.7A)	
  was	
  

p=0.12.	
  Taken	
  together,	
  the	
  results	
  from	
  the	
  T2	
  and	
  MD	
  analyses	
  suggest	
  that	
  there	
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was	
   no	
   evidence	
   for	
   oedema	
   in	
   the	
   anodal	
   tDCS	
   group	
   compared	
   to	
   sham	
   tDCS	
  

group	
  that	
  could	
  account	
  for	
  the	
  previous	
  T1	
  structural	
  results.	
  

	
  

6.4 DISCUSSION	
  

	
   Our	
   double-­‐blind,	
   sham-­‐controlled	
   tDCS	
   and	
   motor	
   training	
   program	
  

resulted	
   in	
   behavioural	
   improvements	
   in	
   all	
   of	
   the	
   chronic	
   stroke	
   patients,	
   both	
  

those	
  receiving	
  anodal	
  tDCS	
  and	
  those	
  in	
  the	
  placebo	
  condition	
  of	
  sham	
  tDCS.	
  These	
  

clinical	
  gains	
  as	
  measured	
  by	
  the	
  ARAT	
  and	
  Fugl-­‐Meyer	
  were	
  accompanied	
  by	
  MR-­‐

based	
  functional	
  and	
  structural	
  neuroimaging	
  changes.	
  In	
  particular,	
   fMRI	
  analysis	
  

revealed	
   that	
   patients	
   in	
   both	
   stimulation	
   groups	
   experienced	
   more	
   task-­‐based	
  

deactivation	
   of	
   medial	
   parietal-­‐occipital	
   areas	
   immediately	
   following	
   the	
  

intervention	
   as	
   compared	
   to	
   baseline.	
   Relative	
   to	
   those	
   patients	
   receiving	
   motor	
  

training	
   and	
   sham	
   tDCS,	
   patients	
   in	
   the	
   anodal	
   tDCS	
   group	
   displayed	
   increased	
  

activation	
   of	
   primarily	
   ipsilesional	
   motor	
   areas	
   during	
   task	
   performance,	
   a	
  

development	
   that	
   persisted	
   through	
   the	
   one	
   month	
   follow-­‐up.	
   Such	
   functional	
  

differences	
  between	
  groups	
  were	
  accompanied	
  by	
  structural	
  changes:	
  grey	
  matter	
  

density	
   in	
   the	
   ipsilesional	
   M1	
   and	
   PMC	
   and	
   contralesional	
   somatosensory	
   cortex	
  

increased	
   in	
   the	
  anodal	
   tDCS	
  group	
  and	
  decreased	
   in	
   the	
  sham	
  tDCS	
  group.	
  These	
  

brain	
   changes	
   appear	
   to	
   be	
   behaviourally	
   relevant	
   as	
   well:	
   functional	
   changes	
  

correlated	
   with	
   improvements	
   on	
   the	
   ARAT,	
   while	
   structural	
   changes	
   correlated	
  

with	
  improvements	
  on	
  the	
  Fugl-­‐Meyer.	
  

	
  

Task-­based	
  fMRI	
  activity	
  

	
   When	
  collapsed	
  across	
  groups	
  and	
  comparing	
  post-­‐intervention	
  to	
  baseline,	
  

the	
   fMRI	
   analysis	
   found	
   increased	
   deactivation	
   of	
   posterior	
   parietal	
   and	
   occipital	
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areas	
   during	
   task	
   performance.	
   Although	
   not	
   apparent	
   during	
   the	
   whole-­‐brain	
  

analysis,	
  this	
  result	
  showed	
  a	
  trend	
  toward	
  enduring	
  through	
  the	
  one	
  month	
  follow-­‐

up,	
  perhaps	
  supporting	
  the	
  long-­‐term	
  retention	
  of	
  behavioural	
  improvements.	
  Many	
  

of	
   these	
   regions,	
   namely	
   those	
   within	
   the	
   inferior	
   parietal	
   lobule	
   at	
   the	
   medial	
  

occipito-­‐parietal	
  junction,	
  are	
  key	
  components	
  of	
  the	
  default	
  mode	
  network	
  (DMN)	
  

(Beckmann	
   et	
   al.,	
   2005).	
   The	
   DMN	
   is	
   a	
   task-­‐negative	
   network	
   that	
   is	
   normally	
  

deactivated	
  during	
  task	
  performance	
  (Kawashima	
  et	
  al.,	
  2000;	
  Raichle	
  et	
  al.,	
  2001).	
  

Studies	
   have	
   demonstrated	
   that	
   the	
   degree	
   of	
   deactivation	
   of	
   these	
   posterior	
  

regions	
  of	
  the	
  DMN	
  positively	
  correlates	
  with	
  performance	
  during	
  working	
  memory	
  

tasks	
   (Esposito	
   et	
   al.,	
   2009).	
  Although	
   this	
   result	
   is	
   based	
   in	
   the	
   cognitive,	
   rather	
  

than	
  the	
  motor,	
  domain,	
  it	
  suggests	
  that	
  the	
  increase	
  in	
  deactivation	
  seen	
  here	
  in	
  the	
  

stroke	
  patients	
  may	
  reflect—and	
  potentially	
  promote,	
  improved	
  motor	
  ability.	
  That	
  

these	
   changes	
   were	
   found	
   when	
   considering	
   the	
   entire	
   group	
   of	
   stroke	
   patients,	
  

irrespective	
  of	
  tDCS	
  condition,	
  implies	
  that	
  they	
  were	
  a	
  result	
  of	
  a	
  feature	
  common	
  

to	
  all	
  patients:	
  in	
  this	
  case,	
  motor	
  training.	
  

	
   A	
  between-­‐group	
  comparison	
  of	
  changes	
  in	
  task-­‐based	
  activity	
  from	
  baseline	
  

to	
  post-­‐intervention	
  revealed	
  increased	
  activity	
  in	
  the	
  anodal	
  tDCS	
  group	
  relative	
  to	
  

the	
   sham	
   tDCS	
   group.	
   These	
   changes	
  were	
   primarily	
   ipsilesional	
   and	
   occurred	
   in	
  

both	
  cortical	
  and	
  subcortical	
  motor	
  areas	
  such	
  as	
  M1,	
  PMC,	
  caudate,	
  and	
  putamen,	
  a	
  

development	
  that	
  remained	
  relatively	
  unchanged	
  through	
  the	
  one	
  month	
  follow-­‐up.	
  

Closer	
   analysis	
   of	
   activity	
   levels	
   within	
   these	
   regions	
   for	
   each	
   stimulation	
   group	
  

showed	
   that,	
   on	
   average,	
   patients	
   in	
   the	
   anodal	
   tDCS	
   group	
   exhibited	
   increased	
  

activity,	
   while	
   those	
   in	
   the	
   sham	
   tDCS	
   group	
   exhibited	
   decreased	
   activity.	
   The	
  

upregulation	
   of	
   ipsilesional	
  motor	
   activity	
   present	
   in	
   the	
   anodal	
   tDCS	
   group	
   is	
   in	
  

accord	
   with	
   the	
   underlying	
   theory	
   behind	
   using	
   tDCS	
   to	
   improve	
   motor	
   ability:	
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rectifying	
   interhemispheric	
   imbalance.	
   The	
   results	
   are	
   also	
   in	
   line	
   with	
   previous	
  

studies	
  of	
  repeated	
  sessions	
  of	
   tDCS	
  in	
  chronic	
  stroke	
  patients,	
  with	
  the	
  exception	
  

that	
   the	
   regions	
   presented	
   here	
   are	
   more	
   broadly	
   distributed	
   than	
   in	
   previous	
  

studies	
  (Lindenberg	
  et	
  al.,	
  2010;	
  Nair	
  et	
  al.,	
  2011).	
  This	
  may	
  be	
  due	
  to	
  a	
  variety	
  of	
  

reasons,	
  including	
  different	
  motor	
  training	
  protocols,	
  and	
  the	
  use	
  of	
  contralesional	
  

cathodal	
  (Nair	
  et	
  al.,	
  2011)	
  and	
  bihemispheric	
  (Lindenberg	
  et	
  al.,	
  2010),	
  rather	
  than	
  

anodal,	
   tDCS.	
  Moreover,	
   these	
   studies	
   reported	
   contrasts	
   from	
   only	
  within	
   group	
  

comparisons	
  (e.g.,	
  post-­‐intervention	
  versus	
  baseline),	
  and	
  not	
  between	
  groups	
  (i.e.,	
  

tDCS	
   versus	
   placebo).	
   They	
  were	
   also	
   performed	
   in	
   well-­‐recovered	
   patients	
   who	
  

retained	
   enough	
   motor	
   function	
   to	
   independently	
   move	
   their	
   wrist	
   or	
   elbow.	
   In	
  

contrast,	
  the	
  task	
  used	
  in	
  the	
  present	
  study	
  was	
  researcher-­‐mediated	
  wrist	
  flexion-­‐

extension,	
  as	
  most	
  of	
  the	
  patients	
  in	
  the	
  study	
  could	
  not	
  perform	
  such	
  movements	
  

independently.	
   This	
   disparity	
   in	
   baseline	
   motor	
   function	
   may	
   have	
   affected	
   the	
  

ability	
   to	
  detect	
  changes	
   in	
  activation,	
  as	
  better	
   recovered	
  patients	
   tend	
   to	
  have	
  a	
  

more	
  ipsilesional	
  activation	
  pattern	
  to	
  begin	
  with	
  (Cramer,	
  2008;	
  Wu,	
  et	
  al.,	
  2008).	
  

	
   As	
  a	
  normalising	
  return	
   to	
  contralateral,	
   ipsilesional	
   task-­‐related	
  activity	
   is	
  

beneficial	
   (Tombari	
  et	
  al.,	
  2004),	
   the	
  question	
  arises	
  as	
   to	
  how	
  the	
  patients	
   in	
   the	
  

sham	
  tDCS	
  group	
  exhibited	
  decreased	
  activation	
  in	
  these	
  motor	
  areas,	
  and	
  yet	
  still	
  

experienced	
  behavioural	
  improvements.	
  Previous	
  work	
  (Johansen-­‐Berg	
  et	
  al.,	
  2002;	
  

O'Shea	
  et	
  al.,	
  2007)	
  has	
  argued	
  for	
  the	
  importance	
  of	
  the	
  contralesional	
  hemisphere	
  

in	
  adaptive	
  plasticity,	
  particularly	
  in	
  much	
  impaired	
  patients	
  (Lotze	
  et	
  al.,	
  2006).	
  As	
  

many	
   of	
   our	
   patients	
   exhibited	
   a	
   relatively	
   high	
   degree	
   of	
   motor	
   disability,	
   it	
   is	
  

possible,	
  then,	
  that	
  they	
  had	
  begun	
  to	
  rely	
  more	
  on	
  the	
  contralesional	
  hemisphere	
  to	
  

accomplish	
   tasks,	
   and	
   progressively	
   less	
   on	
   the	
   ipsilesional	
   hemisphere.	
   Thus,	
  

without	
   tDCS	
   to	
   externally	
   increase	
   ipsilesional	
   activity,	
   motor	
   training	
   relied	
   on	
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previously	
   established	
   processes	
   to	
   improve	
   motor	
   behaviour:	
   those	
   in	
   the	
  

contralesional	
   hemisphere.	
   A	
   combined	
   TMS-­‐fMRI	
   study	
   found	
   that	
   as	
   clinical	
  

disability	
  increases,	
  the	
  influence	
  of	
  contralesional	
  PMd	
  on	
  the	
  ipsilesional	
  becomes	
  

less	
  inhibitory	
  and	
  more	
  facilitory	
  at	
  rest,	
  even	
  as	
  fMRI	
  activity	
  during	
  a	
  hand-­‐grip	
  

task	
  was	
  increased	
  in	
  the	
  contralesional	
  side	
  (Bestmann	
  et	
  al.,	
  2010).	
  This	
  raises	
  the	
  

possibility	
   that,	
   even	
   though	
   the	
   ipsilesional	
   hemisphere	
  may	
   on	
   its	
   own	
   be	
   less	
  

active,	
   the	
   contralesional	
  hemisphere	
   is	
  working	
  on	
  a	
   subtle	
   level	
   to	
   facilitate	
   the	
  

function	
  of	
  these	
  areas.	
  	
  

	
  

Structural	
  grey	
  matter	
  

	
   When	
   comparing	
   the	
   two	
   stimulation	
   groups	
   to	
   each	
   other,	
   we	
   found	
  

structural	
  modifications	
   in	
   the	
   ipsilesional	
  M1	
  and	
  PMC,	
  and	
   in	
   the	
   contralesional	
  

somatosensory	
   cortex.	
   Within	
   these	
   areas,	
   patients	
   in	
   the	
   anodal	
   tDCS	
   group	
  

experienced	
   increased	
   grey	
  matter,	
   while	
   the	
   sham	
   tDCS	
   exhibited	
   a	
   decrease	
   in	
  

grey	
  matter.	
  These	
  changes	
  were	
  apparent	
  immediately	
  post-­‐intervention,	
  and	
  had	
  

resolved	
   by	
   the	
   one-­‐month	
   followup.	
   Such	
   rapid,	
   bidirectional	
   structural	
   changes	
  

following	
   motor	
   training—appearing	
   here	
   after	
   2	
   weeks,	
   have	
   been	
   documented	
  

previously,	
  both	
   in	
  healthy	
  adults	
  (Gryga	
  et	
  al.,	
  2012)	
  and	
   in	
  patients	
  (Gauthier	
  et	
  

al.,	
  2008).	
  The	
  magnitude	
  of	
  the	
  change	
  in	
  grey	
  matter	
  reported	
  in	
  the	
  present	
  study	
  

is	
   similar	
   to	
   that	
   reported	
   in	
   a	
   study	
   by	
   Gauthier	
   and	
   colleagues	
   (Gauthier	
   et	
   al.,	
  

2008).	
  In	
  that	
  study,	
  patients	
  underwent	
  2	
  weeks	
  of	
  intensive	
  CIMT	
  or	
  comparison	
  

motor	
   training.	
   Diffuse	
   structural	
   changes	
   were	
   found	
   after	
   CIMT,	
   but	
   not	
   after	
  

simple	
  training,	
  suggesting	
  that	
  the	
  intensity	
  of	
  the	
  training	
  is	
  important	
  (Gauthier	
  

et	
   al.,	
   2008).	
  Thus,	
   one	
  potential	
   explanation	
   for	
   structural	
   increases	
   occurring	
   in	
  

the	
  anodal,	
  but	
  not	
  sham,	
   tDCS	
  group	
   is	
   that	
  anodal	
   tDCS	
  effectively	
   increased	
  the	
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intensity	
  of	
  the	
  training	
  from	
  the	
  brain’s	
  perspective.	
  It	
  has	
  been	
  shown	
  previously	
  

that	
   stimulation	
   alone	
   can	
   modulate	
   grey	
   matter:	
   5	
   days	
   of	
   rTMS	
   to	
   superior	
  

temporal	
   cortex	
   increased	
   grey	
   matter	
   in	
   the	
   auditory	
   cortex	
   (May	
   et	
   al.,	
   2007).	
  

Decreases	
   in	
  grey	
  matter	
  following	
  training.	
  analogous	
  to	
  those	
  found	
  in	
  the	
  sham	
  

tDCS	
  group	
  here,	
  have	
  been	
  noted	
  in	
  previous	
  studies	
  (Gauthier	
  et	
  al.,	
  2008;	
  Gryga	
  

et	
  al.,	
  2012).	
  It	
  is	
  unclear	
  what	
  mechanism	
  would	
  support	
  a	
  decline	
  in	
  grey	
  matter	
  

while	
  promoting	
  concurrent	
  behavioural	
  increases.	
  	
  

	
   As	
   the	
   structural	
   changes	
   presented	
   here	
   correlate	
   with	
   behavioural	
  

improvements	
  on	
  the	
  Fugl-­‐Meyer,	
  it	
  is	
  unlikely	
  that	
  they	
  are	
  spurious.	
  Although	
  we	
  

did	
  not	
  expect	
  tDCS	
  to	
  cause	
  oedema,	
  because	
  the	
  structural	
  changes	
  were	
  partially	
  

localized	
  to	
  the	
  area	
  underneath	
  the	
  anode,	
  we	
   investigated	
  whether	
  these	
  results	
  

might	
   be	
   reflective	
   of	
   stimulation-­‐induced	
   oedema.	
   An	
   analysis	
   of	
   T2-­‐structural	
  

images	
  and	
  MD	
  images	
  found	
  no	
  evidence	
  of	
  oedema	
  in	
  the	
  anodal	
  tDCS	
  group.	
  It	
  is	
  

unclear	
   what	
   mechanism	
   could	
   cause	
   such	
   rapid	
   changes	
   in	
   grey	
   matter,	
   as	
   the	
  

timescale	
   for	
   neurogenesis	
   is	
   too	
   slow	
   to	
   account	
   for	
   structural	
   changes	
   on	
   the	
  

order	
  of	
  days	
  and	
  weeks	
  (Draganski	
  &	
  May,	
  2008).	
  Previous	
  studies	
  have	
  postulated	
  

that	
  it	
  may	
  be	
  due	
  to	
  dendritic	
  arborization,	
  axonal	
  sprouting,	
  and	
  the	
  formation	
  of	
  

synapses	
   (Schaechter	
   et	
   al.,	
   2006;	
   Trachtenberg	
   et	
   al.,	
   2002;	
   Xu	
   et	
   al.,	
   2009),	
   or	
  

changes	
  in	
  supporting	
  structures	
  such	
  as	
  glial	
  cells	
  and	
  the	
  surrounding	
  vasculature	
  

(Johansen-­‐Berg,	
   2012).	
   The	
   extent	
   of	
   such	
  modifications	
  may	
   reflect	
   the	
   differing	
  

metabolic	
   demands	
   required	
   during	
   motor	
   learning	
   and	
   performance	
   between	
  

stimulation	
  groups	
  and	
  subjects,	
  potentially	
  underlying	
  the	
  bidirectional	
  alterations	
  

(Black	
  et	
   al.,	
   1990;	
  Gryga	
  et	
   al.,	
   2012;	
   Isaacs	
  et	
   al.,	
   1992).	
   It	
   is	
  possible	
   for	
   stroke	
  

patients	
  to	
  experience	
  declining	
  grey	
  matter	
  while	
  simultaneously	
  recovering	
  from	
  

their	
   neurological	
   deficit	
   (Kraemer	
   et	
   al.,	
   2004),	
   suggesting	
   that	
   the	
   apparent	
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decline	
   in	
   grey	
   matter	
   in	
   the	
   sham	
   tDCS	
   group	
   doesn’t	
   necessarily	
   preclude	
  

concomitant	
  behavioural	
  improvements.	
  

	
  

Future	
  Directions	
  

	
   As	
   the	
   functional	
  and	
  structural	
  changes	
  are	
  partially	
  colocalised	
  with	
  each	
  

other	
  and	
  correlate	
  in	
  magnitude,	
  it	
  would	
  be	
  interesting	
  to	
  know	
  whether	
  changes	
  

within	
  one	
  modality	
  promote	
  modifications	
   in	
   the	
  other	
   (e.g.,	
  does	
   increased	
  grey	
  

matter	
  provide	
  the	
  substrate	
  necessary	
  for	
  heightened	
  functional	
  activity),	
  or	
  if	
  they	
  

are	
  parallel	
  processes	
  that	
  occur	
  in	
  tandem.	
  One	
  proposition	
  is	
  that	
  motor	
  training	
  

increases	
   synaptic	
   and	
   capillary	
   density,	
   which	
   contribute	
   to	
   a	
   simultaneous	
  

increase	
  in	
  cortical	
  thickness	
  and	
  BOLD	
  response	
  (Schaechter	
  et	
  al.,	
  2006).	
  Both	
  the	
  

functional	
   and	
   structural	
   results	
   correlated	
  with	
   changes	
   in	
   clinical	
   score,	
   but	
   on	
  

different	
  measures.	
  This	
   serves	
   to	
  highlight	
   the	
  difference	
  between	
   the	
  ARAT	
  and	
  

Fugl-­‐Meyer,	
  which	
   are	
   sometimes	
   used	
   interchangeably.	
  Here,	
  we	
   show	
   that	
   they	
  

may	
   be	
   attuned	
   to	
   different	
   processes	
   within	
   the	
   brain—structural	
   impairment	
  

versus	
   functional	
   disability,	
   a	
   finding	
   that	
   complements	
   previous	
   reports	
   of	
   the	
  

specificity	
   of	
   the	
   two	
   tests	
   (Roth	
   et	
   al.,	
   1998).	
   Such	
   a	
   result	
   underscores	
   the	
  

importance	
   of	
   accurately	
  matching	
   neuroimaging	
  modalities	
  with	
   the	
   appropriate	
  

clinical	
  outcome	
  measure.	
  

	
   Future	
   studies	
   may	
   wish	
   to	
   administer	
   an	
   additional	
   baseline	
   imaging	
  

session,	
   two	
  weeks	
   following	
   the	
   initial	
   session.	
  We	
  collected	
   this	
   extra	
   timepoint	
  

for	
   some,	
   but	
   not	
   all,	
   of	
   our	
   patients.	
   This	
   additional	
   data	
   would	
   allow	
   for	
   the	
  

determination	
  of	
  the	
  stability	
  of	
  structure	
  and	
  function,	
  which	
  could	
  help	
  eliminate	
  

the	
  possibility	
  of	
  the	
  results,	
  particularly	
  those	
  found	
  within	
  the	
  sham	
  tDCS	
  group,	
  

being	
  due	
  to	
  the	
  passage	
  of	
  time.	
  tDCS	
  carries	
  its	
  own	
  associated	
  issues.	
  Individual	
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response	
   to	
   tDCS	
   varies,	
  with	
   some	
   people	
   responding	
   positively,	
   negatively,	
   and	
  

some	
  not	
  at	
  all	
  (Stagg	
  et	
  al.,	
  2011;	
  personal	
  communication).	
  Prescreening	
  patients	
  

to	
   determine	
   elicitability	
   of	
   the	
   desired	
   effect	
   (i.e.,	
   improved	
  motor	
   performance	
  

after	
  anodal	
  tDCS),	
  could	
  help	
  ensure	
  that	
  positive	
  (or	
  negative)	
  results	
  achieved	
  in	
  

the	
   anodal	
   tDCS	
   group	
   are	
   actually	
   due	
   to	
   the	
   stimulation	
   itself,	
   and	
   not	
   to	
   gross	
  

variability	
  among	
  patients.	
  We	
  administered	
  anodal	
  tDCS	
  only	
  during	
  the	
  first	
  half	
  

of	
  motor	
   training,	
  with	
   the	
   intention	
   that	
   the	
   aftereffects	
  would	
   continue	
   through	
  

the	
  latter	
  half	
  of	
  the	
  session.	
  However,	
  the	
  studies	
  that	
  determined	
  the	
  longevity	
  of	
  

tDCS	
   aftereffects	
  were	
   performed	
   in	
   healthy	
   adults,	
   and	
   it	
   is	
   not	
   certain	
  whether	
  

this	
   would	
   also	
   extend	
   to	
   the	
   patient	
   population.	
   Although	
   it	
   is	
   unclear	
   whether	
  

administering	
   anodal	
   tDCS	
   for	
   the	
   entire	
   session	
   is	
   possible	
   from	
   a	
   safety	
  

perspective,	
   this	
  may	
   allow	
   for	
  more	
   robust	
   effects.	
   The	
   patients	
   included	
   in	
   this	
  

study	
  varied	
  widely	
  in	
  level	
  of	
  motor	
  ability.	
  While	
  performing	
  this	
  experiment	
  in	
  a	
  

diversely	
  impaired	
  population	
  allows	
  us	
  to	
  draw	
  conclusions	
  about	
  the	
  population	
  

as	
   a	
   whole,	
   it	
   is	
   likely	
   that	
   the	
   effects	
   of	
   our	
   training	
   program	
   are	
   quite	
   varied	
  

among	
  the	
  patients,	
  depending	
  on	
   impairment	
   level	
  (Stinear	
  et	
  al.,	
  2006).	
  A	
   larger	
  

study	
  that	
  allowed	
  us	
  to	
  stratify	
  patients	
  and	
  look	
  within	
  impairment	
  levels	
  would	
  

allow	
  for	
  more	
  focused	
  and	
  tailored	
  results.	
  Lastly,	
  we	
  did	
  not	
  control	
  for	
  patients	
  

performing	
  components	
  of	
  the	
  motor	
  training	
  outside	
  of	
  the	
  sessions.	
  It	
  is	
  unlikely,	
  

but	
   possible,	
   that	
   this	
   effective	
   variability	
   in	
   motor	
   training	
   duration	
   may	
   have	
  

impacted	
  the	
  study’s	
  results.	
  

	
  

6.5 CONCLUSION	
  

	
   The	
  data	
  presented	
  here	
  suggest	
   that,	
  when	
  combined	
  with	
  motor	
  training,	
  

anodal	
  tDCS	
  may	
  promote	
  behavioural	
  improvements	
  by	
  modifying	
  the	
  underlying	
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structural	
  and	
   functional	
  components	
  of	
   the	
  brain	
   that	
  support	
  motor	
  behaviours.	
  

In	
  particular,	
   this	
  chapter	
  has	
  demonstrated	
  that	
  anodal	
   tDCS	
  may	
  help	
  normalise	
  

post-­‐stroke	
   interhemispheric	
   imbalance	
  by	
   increasing	
  underlying	
  grey	
  matter	
  and	
  

performance-­‐mediated	
   activity	
   in	
   ipsilesional	
   motor	
   regions.	
   Structural	
   increases	
  

were	
   associated	
   with	
   improved	
   behavioural	
   scores	
   on	
   the	
   Fugl-­‐Meyer,	
   perhaps	
  

indicating	
  a	
  resolution	
  of	
  the	
  physical	
  impairment	
  caused	
  by	
  the	
  infarct.	
  Functional	
  

modifications	
   positively	
   correlated	
   with	
   improvements	
   on	
   the	
   ARAT,	
   suggesting	
  

that	
   greater	
   ipsilesional	
   functional	
   activity	
   reflects	
   decreases	
   in	
   disability.	
   In	
  

addition	
   to	
   finding	
   correlations	
   between	
   neuroimaging	
  measures	
   and	
   behavioural	
  

improvements,	
  we	
  also	
  sought	
  to	
  determine	
  which	
  baseline	
  neuroimaging	
  measures	
  

were	
   predictive	
   of	
   behavioural	
   improvements.	
   This	
   is	
   the	
   topic	
   of	
   the	
   final	
  

experimental	
  section	
  of	
  this	
  thesis,	
  Chapter	
  7.	
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Chapter	
  7: Asymmetry	
  of	
  Hemispheric	
  Connectivity	
  
Predicts	
  Response	
  to	
  Rehabilitation	
  

	
   Chapter	
   6	
   described	
   the	
   functional	
   and	
   structural	
   brain	
   changes	
   that	
   occur	
  

following	
  a	
  combined	
  rehabilitation	
  program	
  of	
  motor	
   training	
  and	
   tDCS	
   in	
  chronic	
  

stroke	
  patients.	
  A	
  pattern	
  emerged	
   in	
  which	
   increases	
   in	
  both	
  grey	
  matter	
  and	
  task-­

related	
   fMRI	
   activity	
   were	
   found	
   primarily	
   in	
   ipsilesional	
  motor-­related	
   areas.	
   This	
  

final	
   experimental	
   chapter	
   further	
   explores	
   the	
   relative	
   importance	
   of	
   each	
  

hemisphere	
   to	
   rehabilitation-­mediated	
   improvements.	
   We	
   investigate	
   whether	
  

baseline	
   measures	
   reflective	
   of	
   lateralized	
   hemispheric	
   connectivity	
   predict	
  

subsequent	
  behavioural	
  gains.	
  

	
  

7.1 INTRODUCTION	
  

	
   Recently,	
   work	
   regarding	
   motor	
   recovery	
   after	
   stroke	
   has	
   moved	
   toward	
  	
  

anticipating	
  the	
  extent	
  to	
  which	
  patients	
  will	
  regain	
  function	
  of	
  their	
  affected	
  limb,	
  

both	
  spontaneously	
  and	
  in	
  response	
  to	
  rehabilitation	
  programs.	
  It	
  has	
  been	
  shown	
  

that	
   the	
   degree	
   of	
   spared	
   motor	
   ability	
   two	
   months	
   post-­‐stroke	
   correlates	
   with	
  

motor	
   ability	
   at	
   one	
   year	
   (F.	
   D.	
   Shelton	
   et	
   al.,	
   2001).	
   Sometimes	
   referred	
   to	
   as	
  

“functional	
  potential”	
  (Stinear	
  et	
  al.,	
  2006),	
  prospective	
  behavioural	
  improvements	
  

are	
   also	
   predicted	
   by	
   lesion	
   size	
   and	
   location.	
   While	
   both	
   of	
   these	
   lesion	
  

characteristics	
   correlate	
   with	
   motor	
   deficit,	
   lesion	
   location	
   in	
   terms	
   of	
   cross-­‐

sectional	
   damage	
   to	
   the	
   corticospinal	
   tract	
   (CST)	
   has	
   been	
   shown	
   to	
   be	
   more	
  

strongly	
   predictive	
   of	
   reduced	
   grip	
   strength	
   and	
   performance	
   on	
   the	
   9	
   Hole	
   Peg	
  

Test	
   (Pineiro	
   et	
   al.,	
   2000).	
   Subsequent	
   studies	
   determined	
   that,	
   within	
   the	
   CST,	
  

damage	
  to	
  the	
  posterior	
  limb	
  of	
  the	
  internal	
  capsule	
  (PLIC)	
  was	
  more	
  predictive	
  of	
  a	
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poorer	
  recovery	
  than	
  damage	
  to	
  the	
  anterior	
  portion	
  (Schiemanck	
  et	
  al.,	
  2008),	
  both	
  

of	
   which	
   predicted	
   poorer	
   improvement	
   more	
   strongly	
   than	
   did	
   damage	
   to	
   the	
  

corona	
   radiata,	
   subcortex,	
   and	
   cortex	
   (Schiemanck	
   et	
   al.,	
   2008;	
   Shelton	
  &	
  Reding,	
  

2001).	
  

	
   In	
  addition	
   to	
   these	
  measures	
  of	
  CST	
  damage	
  caused	
  directly	
  by	
   the	
   lesion,	
  

more	
   subtle	
   indicators	
   of	
   CST	
   functional	
   and	
   structural	
   integrity	
   have	
   been	
  

investigated,	
   such	
   as	
   motor	
   evoked	
   potentials	
   (MEPs)	
   and	
   fractional	
   anisotropy	
  

values	
   (FA).	
   Eliciting	
   MEPs	
   via	
   stimulation	
   of	
   M1	
   of	
   the	
   lesioned	
   hemisphere	
  

requires	
   that	
   the	
   connections	
   from	
   the	
   cortex	
   to	
   the	
   spinal	
   cord	
   are	
   preserved,	
  

particularly	
  those	
  through	
  the	
  CST	
  (Talelli	
  et	
  al.,	
  2006),	
  and	
  is	
  therefore	
  commonly	
  

thought	
   of	
   as	
   a	
   marker	
   of	
   residual	
   functional	
   connectivity.	
   	
   FA	
   measures	
   the	
  

directional	
   dependence	
   of	
   diffusion	
   of	
   water,	
   which	
   depends	
   on	
   presence	
   of	
  

structured	
  barriers	
   to	
  diffusion,	
  and	
   therefore,	
  within	
  white	
  matter,	
  FA	
  can	
  give	
  a	
  

marker	
   of	
   structural	
   integrity	
   of	
   fibre	
   pathways.	
   	
   Following	
   a	
   stroke,	
   unilateral	
  

reductions	
   in	
   CST	
   integrity	
   in	
   the	
   lesioned	
   cortex	
   cause	
   interhemispheric	
  

asymmetries	
   in	
   FA	
   values	
   (Werring	
   et	
   al.,	
   2000).	
   When	
   assessed	
   in	
   these	
   terms,	
  

measures	
  of	
   CST	
   integrity	
   are	
   just	
   as	
   effective—if	
  not	
  more	
   so,	
   as	
  baseline	
  motor	
  

deficit	
   at	
   predicting	
   behavioural	
   recovery	
   (Coupar	
   et	
   al.,	
   2012).	
   For	
   patients	
   in	
  

whom	
   MEPs	
   could	
   be	
   elicited,	
   smaller	
   MEPs	
   are	
   associated	
   with	
   reduced	
   grip	
  

strength	
  at	
  that	
  timepoint,	
  as	
  was	
  asymmetry	
  of	
  FA	
  values	
  in	
  the	
  PLIC	
  (Lotze	
  et	
  al.,	
  

2012).	
  FA	
  asymmetry	
  in	
  the	
  PLIC	
  has	
  also	
  been	
  shown	
  to	
  predict	
  motor	
  deficits	
  as	
  

measured	
   by	
   the	
   Upper	
   Extremity	
   Fugl-­‐Meyer	
   and	
   Wolf	
   Motor	
   Function	
   Test	
  

(Lindenberg	
   et	
   al.,	
   2010).	
   A	
   2012	
   study	
   by	
   Schulz	
   fractionated	
   the	
   PLIC	
   into	
  

components	
  originating	
  from	
  the	
  hand	
  area	
  of	
  M1,	
  the	
  dorsal	
  and	
  ventral	
  premotor	
  

cortices,	
  and	
  the	
  SMA.	
  FA	
  was	
  reduced	
  in	
  all	
  four	
  tracts,	
  but	
  only	
  CST	
  from	
  the	
  hand	
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area	
   and	
   PMd	
   correlated	
   with	
   current	
   grip	
   strength	
   levels	
   (Schulz	
   et	
   al.,	
   2012).	
  

Moreover,	
   the	
   extent	
   of	
   injury	
   to	
   tracts	
   originating	
   in	
   M1	
   and	
   PMd	
   were	
   the	
  

strongest	
  predictors	
  of	
  therapy-­‐induced	
  behavioural	
  improvements	
  on	
  the	
  the	
  FM,	
  

but	
  not	
  the	
  ARAT,	
  in	
  chronic	
  stroke	
  patients	
  undergoing	
  robotic	
  therapy	
  (Riley	
  et	
  al.,	
  

2011).	
  

	
   The	
   different	
   measures	
   of	
   CST	
   integrity	
   interact	
   with	
   each	
   other:	
   the	
  

relevance	
   of	
   CST	
   FA	
   in	
   predicting	
   therapy-­‐induced	
   behavioural	
   improvements	
   is	
  

modulated	
  by	
  the	
  presence	
  or	
  absence	
  of	
  MEPs.	
  Stinear	
  and	
  colleagues	
  found	
  that	
  if	
  

MEPs	
   are	
   present,	
   FA	
   has	
   no	
   added	
   predictive	
   value;	
   if	
  MEPs	
   can	
   not	
   be	
   elicited,	
  

then	
   PLIC	
   FA	
   strongly	
   predicted	
   the	
   effects	
   of	
   a	
   30	
   day	
   motor	
   training	
   program	
  

(Stinear	
  et	
   al.,	
   2006).	
  This	
  and	
  similar	
  work	
  has	
   focused	
  on	
  determining	
  who	
  will	
  

benefit	
   from	
   standalone	
   therapy,	
   not	
   who	
   will	
   benefit	
   from	
   a	
   combined	
   brain	
  

stimulation	
  and	
  motor	
  training	
  program.	
  A	
  study	
  by	
  Cramer	
  and	
  others	
  investigated	
  

predictors	
  of	
  response	
  to	
  a	
  6-­‐week	
  combined	
  epidural	
  motor	
  stimulation	
  and	
  motor	
  

training	
  program.	
  They	
  found	
  that	
  gains	
  were	
  predicted	
  by	
  smaller	
   lesion	
  volume,	
  

greater	
  baseline	
  motor	
  ability,	
  and	
  less	
  fMRI	
  task-­‐related	
  activation	
  in	
  the	
  lesioned	
  

hemisphere	
  (Cramer	
  et	
  al.,	
  2007).	
  	
  

	
   We	
  followed	
  a	
  similar	
  approach	
  to	
  investigate	
  predictors	
  of	
  response	
  to	
  our	
  

training	
   program,	
   both	
   for	
   those	
   patients	
   receiving	
   anodal	
   tDCS,	
   and	
   for	
   those	
  

receiving	
   the	
   placebo	
   condition.	
   Because	
   the	
   basis	
   of	
   stimulation	
   is	
   to	
   increase	
  

ipsilesional	
   activity	
   and	
   thereby	
   rectify	
   interhemispheric	
   imbalance	
   (see	
   Section	
  

1.3.3.3),	
  we	
  were	
  particularly	
   interested	
  in	
  determining	
  whether	
  the	
  extent	
  of	
  this	
  

imbalance	
   predicted	
   disability	
   and	
   improvements.	
   A	
   2009	
   systematic	
   review	
   by	
  

Chen	
   and	
   colleagues	
   examining	
   the	
   factors	
   that	
   best	
   predict	
   post-­‐stroke	
   motor	
  

improvement	
   concluded	
   that	
   “measures	
   that	
   capture	
   the	
   integrity	
   of	
   neural	
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connections	
  …	
  were	
   the	
   best	
   predictors	
   of	
   functional	
   arm	
   recovery	
   at	
   follow-­‐up”	
  

(Chen	
   &	
   Winstein,	
   2009).	
   Given	
   this	
   finding,	
   we	
   specifically	
   investigated	
   CST	
  

integrity	
  and	
  resting	
  fMRI	
  motor	
  activity	
  as	
  potential	
  predictors	
  of	
  recovery.	
  This	
  is	
  

because,	
   in	
   a	
   way	
   analogous	
   to	
   the	
   CST	
   FA	
   representing	
   intrinsic	
   structural	
  

connectivity	
   between	
   areas,	
   analyses	
   of	
   resting	
   state	
   fMRI	
   data	
   reflect	
   intrinsic	
  

functional	
   connectivity	
   between	
   areas	
   (van	
   den	
   Heuvel	
   &	
   Hulshoff	
   Pol,	
   2010).	
  

Moreover,	
  both	
  animal	
  models	
  of	
  stroke	
  and	
  patient	
  studies	
  have	
  demonstrated	
  that	
  

declining	
   motor	
   ability	
   occurs	
   simultaneously	
   with	
   a	
   loss	
   of	
   coherence	
   in	
  

interhemipsheric	
  resting	
  motor	
  activity	
  (Carter	
  et	
  al.,	
  2010;	
  van	
  Meer	
  et	
  al.,	
  2010),	
  

suggesting	
   that	
   hemispheric	
   asymmetry	
   as	
   a	
   correlate	
   of	
   stroke-­‐related	
   motor	
  

function	
  may	
  extend	
  to	
  resting	
  state	
  activity	
  as	
  well.	
  

	
   By	
  examining	
  absolute	
  and	
   relative	
  CST	
   integrity	
  and	
   resting	
   state	
  activity,	
  

this	
  chapter	
   investigated	
   the	
  predictive	
  power	
  of	
  each	
  hemisphere	
   in	
  determining	
  

which	
  stroke	
  patients	
  will	
  respond	
  the	
  rehabilitation	
  program,	
  and	
  in	
  what	
  manner.	
  

	
  

7.2 METHODS	
  

7.2.1 OVERVIEW	
  

	
   The	
  methods	
  contained	
  here	
  are	
  a	
  continuation	
  from	
  the	
  previous	
  chapter,	
  as	
  

the	
   topic	
   of	
   both	
   chapters	
   is	
   the	
   same	
   clinical	
   trial.	
   In	
   brief,	
   22	
   chronic	
   stroke	
  

patients	
   were	
   enrolled	
   in	
   a	
   combined	
   motor	
   training	
   and	
   tDCS	
   rehabilitation	
  

program.	
   All	
   patients	
   received	
   10	
   days	
   of	
   motor	
   training	
   based	
   on	
   the	
   GRASP	
  

program	
   (Krakauer,	
   2006;	
   Pang	
   et	
   al.,	
   2006).	
   Half	
   of	
   the	
   patients	
   also	
   received	
  

anodal	
   tDCS	
   to	
   the	
   ipsilesional	
  M1	
  during	
   the	
   first	
   half	
   of	
   the	
  motor	
   training;	
   the	
  

remaining	
   patients	
   received	
   the	
   placebo	
   condition,	
   sham	
   tDCS,	
   for	
   the	
   same	
   time	
  

period.	
  Patients	
  were	
  assessed	
  at	
  three	
  timepoints:	
  baseline,	
  the	
  day	
  following	
  the	
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end	
  of	
  the	
  intervention,	
  and	
  at	
  a	
  one-­‐month	
  followup.	
  These	
  assessments	
  consisted	
  

of	
   neuroimaging	
   sessions	
   and	
   clinical	
   tests	
   evaluating	
   their	
   motor	
   abilities.	
   The	
  

primary	
   clinical	
   measures	
   were	
   the	
   Action	
   Reaction	
   Arm	
   Test	
   (ARAT),	
   which	
   is	
  

sensitive	
   to	
   behavioural	
   disability,	
   and	
   the	
  Upper	
   Extremity	
   Fugl-­‐Meyer	
   (UE-­‐FM),	
  

which	
  is	
  more	
  attuned	
  to	
  physical	
   impairments	
  (van	
  der	
  Lee	
  et	
  al.,	
  2001).	
  For	
  this	
  	
  

chapter,	
  measures	
  of	
  baseline	
  clinical	
  scores,	
  and	
  of	
  improvement	
  in	
  clinical	
  scores	
  

(percentage	
   change	
   in	
   score	
   from	
   baseline	
   to	
   post-­‐intervention	
   or	
   to	
   follow-­‐up)	
  

were	
  considered.	
  	
  	
  	
  

	
  

7.2.2 IMAGE	
  ACQUISITION	
  AND	
  ANALYSIS	
  

	
   All	
   scans	
   were	
   performed	
   on	
   a	
   3T	
   Siemens	
   scanner	
   (Siemens,	
   Erlangen,	
  

Germany).	
  Chapter	
  6	
  detailed	
  the	
  acquisition,	
  analysis,	
  and	
  results	
  of	
  the	
  task	
  fMRI	
  

and	
  structural	
  MRI	
  data.	
  Here,	
  we	
  focus	
  on	
  two	
  additional	
  modalities:	
  resting	
  fMRI	
  

and	
   diffusion	
   MRI.	
   Additionally,	
   T1-­‐weighted	
   axial	
   anatomical	
   images	
   were	
   used	
  

during	
   the	
   registration	
   processes	
   (voxel	
   size=	
   1mm	
   isotropic,	
   TR=2040ms,	
  

TE=4.7ms,	
   flip	
   angle=8°).	
   For	
   analysis	
   purposes,	
   images	
   from	
   patients	
   with	
   right	
  

hemispheric	
   strokes	
  were	
   flipped	
  about	
   the	
  midline	
  after	
   registration	
   to	
   standard	
  

space	
   so	
   that	
   lesions	
   appeared	
   on	
   the	
   left	
   side.	
   All	
   analysis	
  was	
   performed	
   using	
  

tools	
  from	
  FSL	
  (www.fmrib.ox.ac.uk/fsl).	
  

	
  

7.2.2.1 Diffusion	
  MRI	
  

	
   ACQUISITION.	
   Two	
  sets	
  of	
  diffusion	
  weighted	
  volumes	
  were	
  acquired	
  	
  (voxel	
  

size=	
   2mm	
   isotropic;	
   TR=9600ms;	
   TE=	
   87ms;	
   60	
   directions	
   with	
   a	
   b-­‐value	
   1000	
  

s/mm2;	
   and	
   8	
   volumes	
   without	
   diffusion	
   weighting,	
   b-­‐value=0	
   s/mm2).	
   Diffusion	
  

data	
  was	
  analysed	
  using	
  FMRIB’s	
  Diffusion	
  Toolbox	
  (FDT).	
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   PREPROCESSING.	
   For	
  each	
  subject,	
  the	
  two	
  sets	
  of	
  diffusion	
  images	
  were	
  

merged	
   into	
   a	
   single	
   4D	
   file.	
   Eddy	
   current	
   correction	
  was	
   then	
   run	
   to	
   reduce	
   the	
  

distortions	
   induced	
  by	
  the	
  gradient	
  coils,	
  and	
  to	
  correct	
   for	
  head	
  motion	
  by	
  affine	
  

registering	
  all	
  images	
  within	
  the	
  file	
  to	
  one	
  another.	
  	
  

	
   TRACT	
  GENERATION.	
   Data	
  from	
  10	
  healthy,	
  controls	
  with	
  a	
  similar	
  age	
  range	
  

as	
  the	
  patients	
  was	
  used	
  to	
  generate	
  the	
  corticospinal	
  tracts	
  (7F,	
  age	
  range:	
  44-­‐69	
  

years,	
  mean	
  age:	
  55.9	
  years).	
  Bayesian	
  Estimation	
  of	
  Diffusion	
  Parameters	
  Obtained	
  

using	
   Sampling	
   Techniques	
   (BedpostX)	
   was	
   used	
   to	
   generate	
   a	
   probabilistic	
  

distribution	
   of	
   local	
   diffusion	
   directions	
   for	
   each	
   voxel	
   (Behrens	
   et	
   al.,	
   2003;	
  

Behrens	
   et	
   al.,	
   2007).	
   This	
   model	
   allows	
   for	
   multiple	
   fiber	
   populations	
   to	
   be	
  

estimated	
   at	
   each	
   voxel.	
   Finally,	
   by	
   repeatedly	
   sampling	
   from	
   these	
   distributions,	
  

specified	
  tracts	
  were	
  created	
  probablisitically,	
  utilising	
  probtrackx	
  as	
  implemented	
  

within	
  FSL	
  (REF).	
  	
  A	
  mask	
  of	
  the	
  left	
  M1,	
  right	
  M1,	
  and	
  a	
  single	
  slice	
  of	
  the	
  pons	
  (at	
  

the	
   level	
   of	
   z=-­‐32)	
   were	
   drawn	
   on	
   a	
   standard	
   space	
   brain.	
   For	
   each	
   subject,	
  

probtrackx	
  was	
  then	
  used	
  to	
  generate	
  tracts	
  for	
  the	
  left	
  and	
  right	
  corticospinal	
  tract	
  

(CST)	
   separately.	
   The	
   pons	
   was	
   entered	
   as	
   the	
   seed	
   from	
   which	
   the	
   fibers	
  

originated;	
   M1	
   as	
   a	
   waypoint	
   through	
   which	
   the	
   fibers	
   had	
   to	
   pass.	
   A	
   midline	
  

exclusion	
   mask	
   was	
   also	
   used	
   to	
   maintain	
   hemispheric	
   independence.	
   Each	
  

subject’s	
   probtrackx-­‐generated	
   left	
   and	
   right	
   CST	
  were	
   thresholded	
   at	
   1%	
   of	
   the	
  

maximum	
  value	
  to	
  remove	
   implausible	
   tracts.	
   Individual	
  subject	
  masks	
  of	
   the	
  CST	
  

were	
  binarised,	
   then	
  combined	
  across	
  all	
   subjects.	
  These	
  group	
   images	
  were	
   then	
  

thresholded	
   such	
   that	
   the	
   remaining	
   voxels	
  were	
   common	
   to	
   at	
   least	
   7	
   of	
   the	
   10	
  

subjects.	
  

	
   PATIENT	
  ANALYSIS.	
   The	
  diffusion-­‐weighted	
  images	
  from	
  the	
  stroke	
  patients	
  

were	
  preprocessed	
  as	
  detailed	
  above.	
  DTIfit	
   then	
   calculated	
  a	
  diffusion	
   tensor	
   for	
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each	
   voxel	
   within	
   these	
   images,	
   which	
   were	
   subsequently	
   used	
   to	
   generate	
  

fractional	
  anisotropy	
  (FA)	
  values	
  for	
  each	
  voxel.	
  These	
  FA	
  maps	
  were	
  then	
  moved	
  

into	
  standard	
  space.	
  Using	
  as	
  masks	
  the	
  control-­‐generated	
  left	
  and	
  right	
  CST,	
  mean	
  

FA	
  values	
  were	
  extracted	
  from	
  each	
  patient’s	
  processed	
  DTI	
  data.	
  Asymmetry	
  of	
  the	
  

corticospinal	
  tracts	
  was	
  calculated	
  as	
  (Contralesional	
  CST	
  FA	
  –	
  Ipsilesional	
  CST	
  FA)	
  

/	
   (Contralesional	
  CST	
  FA	
  +	
   Ipsilesional	
  CST	
  FA),	
  with	
   larger	
  asymmetry	
   reflecting	
  

relatively	
  higher	
  FA	
  values,	
  i.e.,	
  structural	
  integrity,	
  in	
  the	
  contralesional	
  CST.	
  

	
  

7.2.2.2 Resting	
  fMRI	
  

	
   Axial	
   echo-­‐planar	
   volumes	
   were	
   acquired	
   (TR=2410ms,	
   TE=30ms,	
   flip	
  

angle=90°,	
  voxel	
  size=3mm	
  isotropic).	
  During	
  this	
  time,	
  subjects	
  were	
  instructed	
  to	
  

relax	
   with	
   their	
   eyes	
   open;	
   no	
   task	
   was	
   performed.	
   The	
   following	
   preprocessing	
  

steps	
   were	
   performed	
   on	
   the	
   reconstructed	
   images:	
   Motion	
   correction	
   using	
  

MCFLIRT	
  (Hosp	
  &	
  Luft,	
  2011;	
  Jenkinson	
  et	
  al.,	
  2002);	
  	
  B0	
  unwarping	
  with	
  fieldmaps	
  

using	
   FUGUE;	
   spatial	
   smoothing	
   with	
   a	
   Gaussian	
   kernel	
   of	
   6mm;	
   and	
   highpass	
  

temporal	
  filtering	
  at	
  100	
  seconds	
  to	
  remove	
  low	
  frequency	
  artefacts.	
  Registration	
  to	
  

individual	
  T1-­‐weighted	
  structural	
   images	
  and	
  standard	
  MNI	
  space	
  was	
  performed	
  

using	
  BBR.	
  

	
   RESTING	
  STATE	
  NETWORK	
  GENERATION.	
  	
   The	
   preprocessed	
   scans	
   were	
  

analysed	
   using	
   independent	
   component	
   analysis	
   (ICA)	
   from	
   within	
   MELODIC	
  

(Beckmann	
  &	
  Smith,	
  2004;	
  Subramanian	
  et	
  al.,	
  2010).	
  Resting	
  state	
  scans	
   from	
  all	
  

patients	
   at	
   all	
   timepoints	
  were	
   entered	
   into	
   a	
   group	
   temporal	
   concatenation	
   ICA,	
  

constrained	
   to	
   output	
   25	
   components.	
   To	
   identify	
   the	
   resting	
   state	
   networks	
  

generated	
   from	
   this	
   group	
   of	
   patients,	
   the	
   individual	
   components	
   were	
   visually	
  

inspected,	
  then	
  spatially	
  correlated	
  with	
  standard	
  masks	
  of	
  the	
  8	
  established	
  resting	
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state	
  networks,	
  as	
  described	
  previously	
  (Beckmann	
  et	
  al.,	
  2005).	
  A	
  dual-­‐regression	
  

was	
   then	
   performed	
   to	
   create	
   subject-­‐specific	
   component	
  maps	
   	
   	
   (Filippini	
   et	
   al.,	
  

2009;	
   van	
  Vliet	
  &	
  Wulf,	
   2006).	
   A	
   dual-­‐regression	
   approach	
   involves	
   first	
   utilising	
  

the	
  group-­‐defined	
  RSNs	
  as	
  a	
   regressor	
   in	
   separate	
  GLM	
  analyses	
   for	
  each	
   subject.	
  

These	
  analyses	
  produced	
  timeseries	
  of	
  the	
  resting	
  BOLD	
  signal	
  for	
  each	
  patient	
  and	
  

each	
  session.	
  Each	
  individual	
  timeseries	
  for	
  each	
  patient	
  and	
  session	
  was	
  then	
  used	
  

in	
   a	
   second	
   GLM	
   to	
   extract	
   the	
   spatial	
   maps	
   that	
   corresponsed	
   to	
   each	
   RSN	
  

timecourse.	
  

	
   REGION	
  OF	
  INTEREST	
  ANALYSIS.	
  	
   Initial	
   motor	
   regions	
   of	
   interest	
   were	
  

defined	
   on	
   a	
   standard-­‐space	
   brain	
   using	
   previously	
   published	
   coordinates	
   as	
   the	
  

ROI	
  centre	
  (Haller	
  et	
  al.,	
  2009),	
  which	
  were	
  dilated	
  to	
  generate	
  an	
  8	
  mm	
  spherical	
  

ROI.	
   As	
   these	
   coordinates	
   were	
   established	
   in	
   healthy	
   volunteers,	
   and	
   cortical	
  

regions	
  may	
  have	
  shifted	
  in	
  our	
  patient	
  population	
  due	
  to	
  the	
  effects	
  of	
  the	
  stroke,	
  

we	
   sought	
   to	
   tailor	
   these	
   coordinates	
   to	
   our	
   cohort	
   of	
   subjects.	
   To	
   this	
   end,	
   the	
  

mean	
   functional	
   activity	
   of	
   the	
   patients	
  was	
   established	
   using	
   data	
   from	
   the	
   task	
  

fMRI	
  analysis	
  (see	
  Chapter	
  6).	
  The	
  voxel	
  of	
  maximum	
  functional	
  activity	
  within	
  each	
  

8	
  mm	
  ROI	
  was	
   found,	
  and	
  a	
  new	
  8	
  mm	
  spherical	
  ROI	
  was	
  recreated	
  around	
  these	
  

locations,	
  listed	
  below:	
  

	
   -­‐Hand	
  area	
  of	
  M1:	
  (-­‐28,	
  -­‐24,	
  58)	
  

	
   -­‐Dorsal	
  premotor	
  cortex:	
  (-­‐26,	
  -­‐10,	
  58)	
  

	
   -­‐Ventral	
  premotor	
  cortex:	
  (-­‐56,	
  6,	
  18)	
  

	
   -­‐Supplementary	
  motor	
  area:	
  (0,	
  -­‐10,	
  52)	
  

For	
  all	
  regions	
  except	
  the	
  SMA	
  which	
  was	
  located	
  on	
  the	
  midline,	
  these	
  ROIs	
  were	
  

then	
  flipped	
  about	
  the	
  midline	
  to	
  create	
  right	
  hemispheric	
  ROIs.	
  The	
  mean	
  contrast	
  

of	
  parameter	
  estimate	
  (COPE)	
  for	
  each	
  ROI	
  was	
  extracted	
  from	
  the	
  motor	
  RSN.	
  As	
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before,	
   asymmetry	
   was	
   defined	
   as	
   (Contralesional	
   COPE	
   –	
   Ipsilesional	
   COPE)	
   /	
  

(Contralesional	
  COPE	
  +	
  Ipsilesional	
  COPE),	
  with	
  larger	
  asymmetry	
  values	
  reflecting	
  

relatively	
  higher	
  contralesional	
  resting	
  activity.	
  

	
  

7.3 RESULTS	
  

7.3.1 TASK	
  FMRI	
  AND	
  STRUCTURAL	
  MRI	
  

	
   No	
   significant	
   predictors	
   of	
   baseline	
   clinical	
   scores	
   or	
   improvement	
   were	
  

found	
  within	
  the	
  task	
  fMRI	
  or	
  the	
  structural	
  MRI	
  data.	
  

	
  

7.3.2 TRACTOGRAPHY	
  

Corticospinal	
  tract	
  generation	
  

	
   To	
  generate	
  the	
  corticospinal	
  tract	
  from	
  the	
  diffusion-­‐weighted	
  images,	
  data	
  

from	
  10	
  healthy,	
  older	
  adults	
  was	
  used	
  (7F,	
  age	
  range:	
  44-­‐69	
  years,	
  mean	
  age:	
  55.9	
  

years),	
  as	
  the	
  CST	
  could	
  not	
  be	
  reliably	
  delineated	
  in	
  the	
  stroke	
  patients.	
  Figure	
  7.1	
  

illustrates	
  the	
  tracts	
  created	
  by	
  Probtrackx.	
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Figure	
  7.1:	
   Corticospinal	
   tract.	
   Healthy,	
   older	
   control-­‐derived	
   corticospinal	
   tracts.	
  
Fibers	
  began	
   in	
  M1	
  and	
  passed	
  through	
  the	
  pons.	
  Tracts	
   thresholded	
  such	
  that	
  voxels	
  
were	
   common	
   to	
   at	
   least	
   7	
   of	
   the	
   10	
   controls.	
   Right	
   CST	
   (red),	
   Left	
   CST	
   (blue).	
  
Coordinates	
  are	
  (0,	
  -­‐20,	
  68)	
  
	
  

Integrity	
  of	
  the	
  ispilesional	
  corticospinal	
  tract	
  correlates	
  with	
  baseline	
  impairment	
  

	
   Integrity	
  of	
  the	
  CST	
  in	
  the	
  patients	
  was	
  assessed	
  using	
  measures	
  of	
  fractional	
  

anisotropy	
  (FA).	
  Using	
  as	
  a	
  mask	
  the	
  left	
  and	
  right	
  CST	
  derived	
  from	
  healthy	
  older	
  

controls,	
   FA	
   values	
   were	
   extracted	
   from	
   the	
   stroke	
   patients’	
   standard-­‐space	
  

registered	
   FA	
   maps	
   at	
   the	
   baseline,	
   post-­‐intervention,	
   and	
   one-­‐month	
   follow	
   up	
  

timepoints.	
   These	
   FA	
   values	
   did	
   not	
   change	
   significantly	
   over	
   time	
   (RM-­‐ANOVA,	
  

main	
   effect	
   of	
   time:	
   F(2)=1.705,	
   p=0.195),	
   reflecting	
   relative	
   stability	
   of	
   CST	
  

integrity	
   throughout	
   the	
   intervention.	
   Asymmetry	
   between	
   the	
   tracts	
   was	
  

calculated	
  as	
  (Contralesional	
  CST	
  FA	
  –	
  Ipsilesional	
  CST	
  FA)/	
  (Contralesional	
  CST	
  FA	
  

+	
   Ipsilesional	
   CST	
   FA),	
   such	
   that	
   larger	
   values	
   reflect	
   a	
   bias	
   toward	
   the	
  

contralesional	
  hemisphere,	
  and	
  therefore	
  would	
  be	
  associated	
  with	
  greater	
  damage	
  

to	
   the	
   tract.	
   These	
   values	
  were	
   also	
   stable	
   over	
   time	
   (RM-­‐ANOVA,	
  main	
   effect	
   of	
  

time:	
  F(2)=0.435,	
  p=0.650).	
  

	
   We	
  then	
  asked	
  whether	
  these	
  values	
  were	
  associated	
  with	
  functional	
  ability	
  

at	
   baseline.	
   Baseline	
   FA	
   values	
   of	
   the	
   ipsilesional	
   CST	
   correlated	
   with	
   baseline	
  

scores	
  on	
  the	
  ARAT	
  (r=	
  0.743,	
  p<	
  0.001,	
  Figure	
  7.2A)	
  and	
  UE-­‐FM	
  (r=	
  0.709,	
  p<	
  0.001,	
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Figure	
  7.2B).	
  FA	
  values	
  of	
  the	
  contralesional	
  CST	
  were	
  not	
  associated	
  with	
  baseline	
  

performance	
  on	
  either	
  clinical	
  score	
  (ARAT:	
  r=	
  0.007,	
  p=	
  0.974;	
  UE-­‐FM:	
  r=	
  -­‐0.057,	
  

p=	
   0.802).	
   FA	
   asymmetry	
   correlated	
  with	
   baseline	
   scores	
   on	
   both	
   the	
   ARAT	
   (r=-­‐

0.719,	
  p<	
  0.001,	
  Figure	
  7.3A)	
  and	
  UE-­‐FM	
  (r=-­‐0.725,	
  p<0.001,	
  Figure	
  7.3B).	
  

	
  

	
  	
  	
  	
  	
  	
  	
   	
  
Figure	
  7.2:	
   Baseline	
  ipsilesional	
  FA	
  predicts	
  baseline	
  clinical	
  measures.	
  Baseline	
  FA	
  in	
  
the	
   ipsilesional	
   corticospinal	
   tract	
   correlates	
   with	
   baseline	
   scores	
   on	
   the	
   A)	
   ARAT	
   B)	
  
Fugl-­‐Meyer.	
  
	
  

	
  

	
  	
  	
   	
  
Figure	
  7.3:	
   Baseline	
   FA	
   asymmetry	
   correlates	
   with	
   baseline	
   clinical	
   measures.	
  
Baseline	
  FA	
  asymmetry	
  of	
  corticospinal	
  tract	
  correlated	
  with	
  baseline	
  scores	
  on	
  the	
  A)	
  
ARAT	
   B)	
   Fugl-­‐Meyer.	
   Greater	
   asymmetry	
   reflects	
   higher	
   FA	
   in	
   the	
   contralesional	
   CST	
  
relative	
  to	
  the	
  ipsilesional	
  CST,	
  and	
  therefore	
  can	
  be	
  thought	
  of	
  as	
  a	
  marker	
  of	
  greater	
  
ipsilesional	
  CST	
  damage.	
  
	
  

A	
   B	
  

A	
   B	
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CST	
  asymmetry	
  predicts	
  response	
  to	
  combined	
  stimulation	
  and	
  motor	
  training	
  

	
   Additionally,	
  we	
  investigated	
  the	
  ability	
  of	
  these	
  measures	
  of	
  CST	
  integrity	
  to	
  

predict	
   response	
   to	
   the	
   two	
   rehabilitation	
   programs:	
  motor	
   training	
   alone	
   (sham	
  

tDCS)	
   or	
   simultaneous	
   motor	
   training	
   and	
   stimulation	
   (anodal	
   tDCS).	
   For	
   those	
  

patients	
   receiving	
   motor	
   training	
   alone,	
   ipsilesional	
   CST	
   FA	
   predicted	
   percent	
  

increase	
   from	
   baseline	
   to	
   post-­‐intervention	
   on	
   the	
   ARAT	
   and	
   UE-­‐FM	
   (ARAT:	
   r=-­‐

0.635,	
  p=0.049;	
  UE-­‐FM:	
  r=-­‐0.684,	
  p=0.020,	
  Figure	
  7.4).	
  Similar	
  results	
  were	
  found	
  in	
  

patients	
  receiving	
  anodal	
  tDCS	
  (ARAT:	
  r=-­‐0.733,	
  p=0.016;	
  UE-­‐FM:	
  r=-­‐0.674,	
  p=0.023,	
  

Figure	
  7.4).	
  

	
  

	
  	
  	
  	
   	
  
Figure	
  7.4:	
   Ipsilesional	
   FA	
   predicts	
   behavioural	
   improvements.	
   Ipsilesional	
   CST	
   FA	
  
predicted	
  percent	
  increase	
  in	
  scores	
  A)	
  ARAT	
  and	
  B)	
  Fugl-­‐Meyer	
  scores	
  from	
  baseline	
  to	
  
post-­‐intervention.	
  
	
  

Moreover,	
   for	
   patients	
   receiving	
   anodal	
   tDCS,	
   ipsilesional	
   CST	
   FA	
   also	
   predicted	
  

retention	
   of	
   these	
   improvements	
   on	
   the	
   ARAT,	
   illustrated	
   by	
   percent	
   increase	
   in	
  

scores	
   from	
  baseline	
   to	
   one-­‐month	
   followup	
   (r=-­‐0.640,	
   p=0.046,	
   Figure	
   7.5).	
   This	
  

relationship	
   was	
   not	
   significant	
   for	
   the	
   sham	
   group	
   (r=-­‐0.375,	
   p=0.286),	
   but	
   the	
  

strength	
   of	
   the	
   relationship	
   did	
   not	
   differ	
   significantly	
   between	
   the	
   two	
   groups	
  

(Two-­‐tailed	
  Fisher’s	
  r	
  to	
  z:	
  z=0.73,	
  p=0.4654).	
  

A	
   B	
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Figure	
  7.5:	
   Ipsilesional	
   FA	
   predicts	
   retention	
   of	
   behavioural	
   improvements.	
   For	
  
patients	
  receiving	
  anodal	
   tDCS,	
   ipsilesional	
  CST	
  FA	
  predicted	
  percent	
   increase	
   in	
  ARAT	
  
score	
  from	
  baseline	
  to	
  one-­‐month	
  followup.	
  This	
  relationship	
  was	
  not	
  significant	
  for	
  the	
  
sham	
  group.	
  	
  
	
  

	
   FA	
   asymmetry	
   predicted	
   behavioural	
   improvements	
   in	
   patients	
   who	
  

received	
  motor	
  training	
  in	
  conjunction	
  with	
  anodal	
  tDCS.	
  FA	
  asymmetry	
  predicted	
  

percent	
  change	
  from	
  baseline	
  to	
  post-­‐intervention	
  and	
  one-­‐month	
  followup	
  on	
  both	
  

the	
  ARAT	
  (post-­‐intervention:	
  r=0.700,	
  p=0.024;	
  month	
  followup:	
  r=0.710,	
  p=0.021,	
  

Figure	
   7.6A,B)	
   and	
   UE-­‐FM	
   (post-­‐intervention:	
   r=0.810,	
   p=0.002;	
  month	
   followup:	
  

r=0.645,	
   p=0.032,	
   Figure	
   7.6C,D).	
   Thus,	
   in	
   the	
   anodal	
   tDCS	
   group,	
   CST	
   FA	
  

asymmetry	
   favouring	
   the	
   contralesional	
   hemisphere	
   was	
   associated	
   with	
   greater	
  

intervention-­‐mediated	
   behavioural	
   improvements	
   and	
   retention.	
   For	
   the	
   sham	
  

group,	
  none	
  of	
  these	
  relationships	
  were	
  statistically	
  significant,	
  but	
  the	
  strength	
  of	
  

the	
  relationship	
  was	
  not	
  significantly	
  different	
  between	
  the	
  anodal	
  and	
  sham	
  groups.	
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Figure	
  7.6:	
   FA	
   asymmetry	
   predicts	
   extent	
   and	
   retention	
   of	
   behavioural	
  
improvements.	
   For	
   patients	
   receiving	
   anodal	
   CST	
   FA	
   asymmetry	
   predicted	
   percent	
  
increase	
   in	
   ARAT	
   score	
   from	
   baseline	
   to	
   A)	
   post-­‐intervention	
   and	
   B)	
   one-­‐month	
  
followup,	
   and	
   percent	
   increase	
   in	
   Fugl-­‐Meyer	
   score	
   from	
   baseline	
   to	
   C)	
   post-­‐
intervention	
   and	
  D)	
   one-­‐month	
   followup.	
   These	
   relationships	
  were	
   not	
   significant	
   for	
  
the	
  sham	
  group.	
  Greater	
  positive	
  asymmetry	
  reflects	
  larger	
  FA	
  in	
  the	
  contralesional	
  CST.	
  
	
  

7.3.3 RESTING	
  FMRI	
  

	
   Mean	
   resting	
   motor	
   activity	
   was	
   extracted	
   from	
   predefined	
   regions	
   of	
  

interest	
  (left	
  and	
  right	
  hand	
  area	
  of	
  M1,	
  PMd,	
  PMv,	
  and	
  SMA,	
  Figure	
  7.7).	
  

A	
   B	
  

C	
   D	
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Figure	
  7.7:	
   Motor	
   region	
  masks.	
   SMA	
   (yellow),	
   left	
   PMd	
   (green),	
   left	
  Hand	
   area	
   of	
  
M1	
  (blue),	
  left	
  PMv	
  (red).	
  Coordinates	
  are	
  (0,	
  6,	
  54).	
  
	
  

Resting	
  motor	
  activity	
  within	
  these	
  regions	
  was	
  stable	
  over	
  time	
  (RM-­‐ANOVA,	
  main	
  

effect	
   of	
   time:	
   F(2)=1.135,	
   p=0.332),	
   as	
  was	
   the	
   asymmetry	
   between	
   the	
   left	
   and	
  

right	
   hemispheres	
   of	
   the	
   regions	
   (RM-­‐ANOVA,	
   main	
   effect	
   of	
   time:	
   F(2)=0.232,	
  

p=0.794).	
  At	
  baseline,	
  asymmetry	
  of	
  activity	
  within	
  the	
  hand	
  area	
  of	
  M1	
  correlated	
  

with	
  baseline	
  clinical	
  scores	
  on	
  both	
  the	
  ARAT	
  (r=-­‐0.583,	
  p=0.004,	
  Figure	
  7.8A)	
  and	
  

UE-­‐FM	
   (r=-­‐0.716,	
   p<0.001,	
   Figure	
  7.8B),	
   such	
   that	
   patients	
  who	
   exhibited	
   greater	
  

ipsilesional	
  activity	
  had	
  higher	
  clinical	
  scores.	
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Figure	
  7.8:	
   Asymmetry	
   of	
   resting	
   activity	
   correlates	
   with	
   baseline	
   impairment.	
  
Asymmetry	
  of	
  activity	
  within	
  the	
  hand	
  area	
  of	
  M1	
  predicts	
  baseline	
  A)	
  ARAT	
  and	
  B)	
  Fugl-­‐
Meyer	
   scores.	
   Greater	
   positive	
   asymmetry	
   reflects	
   larger	
   resting	
   activity	
   in	
   the	
  
contralesional	
  hand	
  area.	
  
	
  

Moreover,	
  this	
  asymmetry	
  of	
  resting	
  activity	
  is	
  predictive	
  of	
  percent	
  increase	
  of	
  UE-­‐

FM	
  score	
  for	
  both	
  groups,	
  both	
  from	
  baseline	
  to	
  post-­‐intervention	
  (anodal:	
  r=0.725,	
  

p=0.012;	
  sham:	
  r=0.831,	
  p=0.002,	
  Figure	
  7.9A)	
  and	
  baseline	
  to	
  one-­‐month	
  followup	
  

(anodal:	
   r=0.802,	
  p=0.003;	
   sham:	
   r=0.689,	
  p=0.019,	
  Figure	
  7.9B).	
   Improvement	
  as	
  

measured	
  by	
  the	
  ARAT	
  was	
  not	
  predicted	
  by	
  any	
  measure	
  of	
  resting	
  activity.	
  

A	
   B	
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Figure	
  7.9:	
   Asymmetry	
  of	
  resting	
  activity	
  at	
  baseline	
  predicts	
  extent	
  and	
  retention	
  of	
  
behavioural	
   improvement.	
  Asymmetry	
  of	
  activity	
  within	
   the	
  hand	
  area	
  of	
  M1	
  predicts	
  
percent	
  increase	
  in	
  scores	
  on	
  the	
  Fugl-­‐Meyer	
  from	
  baseline	
  to	
  A)	
  post-­‐intervention	
  and	
  
B)	
   one-­‐month	
   followup,	
   for	
   both	
   stimulation	
   groups.	
   Greater	
   positive	
   asymmetry	
  
reflects	
  larger	
  resting	
  activity	
  in	
  the	
  contralesional	
  Hand	
  area.	
  
	
  

7.3.4 MULTIPLE	
  REGRESSION	
  ON	
  ASYMMETRY	
  VALUES	
  

	
   Given	
   the	
   results	
   of	
   the	
   preceding	
   analyses,	
   we	
   then	
   investigated	
  whether	
  

these	
   imaging	
   measures	
   provided	
   additional	
   predictive	
   value	
   beyond	
   traditional	
  

clinical	
  scores.	
  Multiple	
  regressions	
  were	
  performed	
  for	
  the	
  Fugl-­‐Meyer	
  and	
  ARAT	
  

using	
  as	
  regressors	
  baseline	
  score	
  on	
  the	
  specific	
  clinical	
  test	
  and	
  asymmetry	
  values	
  

of:	
   resting	
   motor	
   activity	
   in	
   the	
   hand	
   area	
   and	
   CST	
   FA.	
   These	
   three	
   variables	
  

significantly	
  predicted	
  percent	
   improvement	
  on	
   the	
  UE-­‐FM	
   from	
  baseline	
   to	
  post-­‐

intervention	
  in	
  both	
  the	
  anodal	
  (R2=0.873,	
  F(3,7)=16.076,	
  p=0.002)	
  and	
  sham	
  tDCS	
  

groups	
  (R2=0.757,	
  F(3,7)=7.259,	
  p=0.015).	
  For	
  the	
  anodal	
  tDCS	
  group,	
  baseline	
  UE-­‐

FM	
   score	
   significantly	
   predicted	
   behavioural	
   improvements	
   (β=-­‐0.696,	
   p=0.039),	
  

but	
  asymmetry	
  values	
  did	
  not	
  (resting	
  hand	
  activity:	
  β	
  =0.149,	
  p=0.458;	
  CST	
  FA:	
  β	
  

=0.151,	
  p=0.548).	
  Improvement	
  in	
  the	
  sham	
  tDCS	
  group	
  was	
  not	
  predicted	
  by	
  any	
  of	
  

the	
  three	
  variables	
  alone	
  (baseline	
  UE-­‐FM:	
  β=-­‐0.379,	
  p=0.278;	
  resting	
  hand	
  activity:	
  

β=0.512,	
  p=0.126;	
  CST	
  FA:	
  β=0.045,	
  p=0.857).	
   Similar	
  multiple	
   regressions	
  on	
   the	
  

A	
   B	
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ARAT	
  did	
  not	
  produce	
  models	
  that	
  significantly	
  predicted	
  behavioural	
  gains	
  (anodal	
  

tDCS:	
   R2=0.520,	
   F(3,7)=2.169,	
   p=0.193;	
   sham	
   tDCS:	
   R2=0.659,	
   F(3,7)=3.867,	
  

p=0.075).	
  These	
   results	
   suggest	
   that	
   the	
   imaging	
  measures	
  presented	
  here	
  do	
  not	
  

increase	
   predictive	
   ability	
   over	
   and	
   above	
   that	
   provided	
   by	
   baseline	
   clinical	
  

measures.	
  

	
  

7.4 DISCUSSION	
  

	
   The	
   results	
   of	
   the	
   analyses	
   presented	
   in	
   this	
   chapter	
   show	
   that	
   measures	
  

reflective	
  of	
   integrity	
  of	
   the	
  motor	
   system	
  can	
  predict	
   response	
   to	
  motor	
   training	
  

and	
   tDCS	
   in	
   chronic	
   stroke	
  patients.	
   FA	
  of	
   the	
   ipsilesional,	
   but	
  not	
   contralesional,	
  

CST	
   correlates	
   with	
   baseline	
   motor	
   ability	
   and	
   predicts	
   response	
   to	
   the	
   training	
  

program.	
  Moreover,	
   asymmetry	
   values	
   of	
   CST	
   FA	
   and	
   resting	
  motor	
   activity	
   also	
  

correlate	
  with	
   and	
  predict	
   change	
   in	
  motor	
   ability,	
   particularly	
   for	
   those	
   patients	
  

receiving	
   anodal	
   tDCS.	
  Results	
   from	
  both	
  modalities	
  demonstrate	
   that	
   the	
   greater	
  

the	
   level	
   of	
   ipsilesional	
   impairment	
   (as	
   reflected	
   by	
   smaller	
   FA	
   values	
   and	
   larger	
  

asymmetry	
   values,	
  which	
   positively	
   correlate	
  with	
   lower	
   behavioural	
   scores),	
   the	
  

greater	
  the	
  rehabilitation-­‐mediated	
  improvement.	
  This	
  suggests	
  that	
   it	
  may	
  be	
  the	
  

most	
  disabled	
  patients	
  who	
  can	
  most	
  benefit	
   from	
  a	
   training	
  program	
  such	
  as	
   the	
  

one	
  employed	
  here.	
  

	
  

Corticospinal	
  tract	
  FA	
  

	
   Here,	
   we	
   report	
   that	
   ipsilesional	
   FA	
   and	
   asymmetry	
   of	
   FA	
  within	
   the	
   CST	
  

predicts	
  both	
  baseline	
  motor	
  ability	
  and	
  increase	
  in	
  motor	
  ability	
  mediated	
  by	
  the	
  

rehabilitation	
  program.	
  Ipsilesional	
  CST	
  FA	
  predicted	
  improvements	
  in	
  all	
  patients,	
  

while	
   CST	
   FA	
   asymmetry	
   only	
   predicted	
   improvements	
   within	
   the	
   anodal	
   tDCS	
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group.	
   In	
   both	
   of	
   these	
   cases,	
   decreased	
   FA	
   in	
   the	
   ipsilesional	
   hemisphere	
   (i.e.,	
  

larger	
   asymmetry	
   scores)	
  was	
   correlated	
  with	
  worse	
  baseline	
   ability,	
   and	
   greater	
  

improvements.	
   These	
   results	
   suggest	
   that	
   the	
   greater	
   the	
   behavioural	
   deficit	
   at	
  

baseline,	
   the	
   greater	
   the	
   benefit	
   gained	
   from	
   the	
   program.	
   	
   This	
   is	
   in	
   line	
   with	
  

studies	
   positively	
   correlating	
   FA	
   asymmetries	
   with	
   a	
   lower	
   level	
   of	
   recovery	
  

(Lindenberg	
   et	
   al.,	
   2010;	
   Thomalla	
   et	
   al.,	
   2004),	
   but	
   contrary	
   to	
   previous	
   studies	
  

regarding	
  CST	
  FA,	
  which	
  have	
  reported	
  that	
  decreased	
  FA/increased	
  asymmetry	
  is	
  

found	
  in	
  patients	
  who	
  do	
  not	
  respond	
  well	
  to	
  recovery	
  (Stinear	
  et	
  al.,	
  2006).	
  

	
   That	
   FA	
   asymmetry	
   was	
   significantly	
   predictive	
   only	
   in	
   patients	
   receiving	
  

anodal	
   tDCS	
   is	
   in	
   line	
  with	
   the	
   idea	
   that	
   tDCS	
   can	
  help	
   alleviate	
   interhemispheric	
  

imbalance.	
  If	
  tDCS	
  aides	
  improvement	
  by	
  actively	
  resolving	
  the	
  imbalance	
  between	
  

hemispheres,	
   then	
   it	
   follows	
   that	
   those	
   patients	
   who	
   stand	
   the	
   most	
   to	
   gain	
   are	
  

those	
   with	
   the	
   greatest	
   imbalance	
   to	
   start	
   with.	
   The	
   processes	
   underlying	
   the	
  

behavioural	
   gains	
   resulting	
   from	
   this	
   has	
   been	
   partially	
   investigated	
   in	
   rodents.	
  

Carmel	
   and	
   colleagues	
   lesioned	
   the	
   CST	
   of	
   rats,	
   and	
   subsequently	
   stimulated	
   the	
  

motor	
   cortex	
   of	
   half	
   of	
   them.	
   Those	
   rats	
   receiving	
   stimulation	
   showed	
   a	
   robust	
  

growth	
  of	
  CST	
  axon	
  terminals	
  within	
  the	
  ipsilesional	
  hemisphere.	
  Moreover,	
  though	
  

the	
  overall	
  speed	
  with	
  which	
  rats	
  in	
  both	
  groups	
  performed	
  the	
  task	
  was	
  equivalent	
  

at	
   the	
   end	
   of	
   the	
   recovery	
   period,	
   only	
   the	
   stimulated	
   rats	
   decreased	
   their	
   error	
  

rates	
  back	
  to	
  normal	
  levels	
  (Carmel	
  et	
  al.,	
  2010).	
  This	
  suggests	
  that,	
  both	
  groups	
  of	
  

patients	
  exhibited	
  behavioural	
  improvements,	
  anodal	
  tDCS	
  may	
  also	
  have	
  modified	
  

motor	
  ability	
  in	
  a	
  way	
  too	
  subtle	
  for	
  our	
  tests	
  to	
  identify.	
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Resting	
  fMRI	
  results	
  

	
   While	
   task-­‐based	
   analyses	
   of	
   functional	
   activity	
   are	
   useful,	
   the	
   disparity	
  

between	
  activity	
  levels	
  in	
  each	
  hemisphere	
  may	
  confounded	
  by	
  the	
  effects	
  of	
  mirror	
  

movements	
  and	
  increased	
  effort	
  (Westlake	
  &	
  Nagarajan,	
  2011).	
  Analysing	
  patterns	
  

of	
  resting	
  activity	
  in	
  stroke	
  patients	
  resolves	
  these	
  issues,	
  and	
  can	
  provide	
  insights	
  

of	
   their	
   own:	
   following	
   a	
   stroke,	
   resting	
   functional	
   connectivity	
   is	
   disrupted,	
   and	
  

correlated	
  with	
  motor	
   impairments	
   (Golestani	
  et	
  al.,	
  2012;	
  Westlake	
  &	
  Nagarajan,	
  

2011).	
  Our	
  study	
  found	
  that	
  asymmetry	
  of	
  resting	
  activity	
  in	
  the	
  hand	
  area	
  can	
  be	
  

used	
   to	
   predict	
   behavioural	
   improvements	
   on	
   the	
   Fugl-­‐Meyer.	
   Complementary	
   to	
  

the	
  results	
  produced	
  by	
  the	
  CST	
  FA	
  analysis,	
  greater	
  resting	
  asymmetry	
   favouring	
  

the	
   contralesional	
   hemisphere	
   predicts	
   greater	
   behavioural	
   gains.	
   It	
   has	
   been	
  

shown	
  previously	
  that	
  resting	
  asymmetry	
  that	
   favours	
  the	
   ipsilesional	
  M1	
  is	
   found	
  

in	
  more	
  recovered	
  stroke	
  patients	
  (Wang	
  et	
  al.,	
  2010).	
  Thus,	
  our	
  results	
  suggest	
  that	
  

it	
  may	
  be	
  the	
  least	
  recovered	
  patients	
  that	
  benefit	
  the	
  most	
  from	
  this	
  type	
  of	
  motor	
  

training.	
  	
  

	
   That	
   both	
   resting	
   motor	
   activity	
   and	
   CST	
   FA	
   predict	
   behavioural	
  

improvements	
  in	
  similar	
  ways	
  is	
  not	
  entirely	
  surprising,	
  as	
  the	
  extent	
  of	
  damage	
  to	
  

the	
  CST	
  has	
  been	
  shown	
  to	
  positively	
  correlate	
  with	
  a	
  decrease	
  in	
  interhemispheric	
  

resting	
   connectivity	
   between	
   the	
   left	
   and	
   right	
   central	
   sulci	
   (Carter	
   et	
   al.,	
   2012).	
  

Although	
   studies	
   such	
   as	
   those	
   mentioned	
   here	
   document	
   how	
   resting	
   activity	
  

evolves	
   post	
   stroke,	
   no	
   study	
   to	
   date	
   has	
   used	
   this	
   imaging	
   modality	
   to	
   predict	
  

response	
  to	
  a	
  rehabilitation	
  program	
  in	
  stroke	
  patients.	
  However,	
  such	
  an	
  approach	
  

has	
  been	
  used	
  in	
  tinnitus	
  patients:	
  Vanneste	
  and	
  colleagues	
  used	
  patterns	
  of	
  resting	
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activity	
  to	
  differentiate	
  between	
  responders	
  and	
  nonresponders	
  to	
  a	
  tDCS-­‐mediated	
  

rehabilitation	
  program	
  for	
  tinnitus	
  suppression	
  (Vanneste	
  et	
  al.,	
  2011).	
  

	
  

Negative	
  task	
  fMRI	
  and	
  structural	
  MRI	
  results	
  

	
   Although	
  the	
  previous	
  chapter	
  reported	
  significant	
  changes	
  in	
  task	
  fMRI	
  and	
  

structural	
   MRI	
   measures	
   with	
   therapy,	
   we	
   did	
   not	
   find	
   any	
   markers	
   from	
   these	
  

modalities	
   that	
   correlated	
   with	
   baseline	
   motor	
   ability	
   or	
   predicted	
   behavioural	
  

gains	
   following	
   the	
   program.	
   Similar	
   conclusions	
   were	
   reached	
   by	
   Stinear	
   and	
  

colleagues,	
   who	
   noted	
   that	
   task	
   fMRI	
   activity	
   did	
   not	
   predict	
   behavioural	
  

improvement,	
  regardless	
  of	
  the	
  integrity	
  of	
  the	
  CST	
  (as	
  measured	
  by	
  MEPs)	
  (Stinear	
  

et	
   al.,	
   2006).	
   Likewise,	
   although	
   our	
   measure	
   of	
   CST	
   integrity,	
   FA,	
   did	
   predict	
  

improvement,	
  task	
  fMRI	
  activity	
  did	
  not.	
  In	
  general,	
  the	
  asymmetry	
  of	
  CST	
  integrity	
  

has	
  been	
   found	
   to	
  be	
  a	
  more	
   robust	
  predictor	
  of	
   recovery	
   than	
   task	
   fMRI	
  activity	
  

(Qiu	
  et	
  al.,	
  2011),	
  potentially	
  because	
   functional	
  activity	
   is	
  dependant	
  on	
  an	
   intact	
  

CST	
   (Lotze	
   et	
   al.,	
   2012).	
   In	
   light	
   of	
   this,	
   our	
   lack	
   of	
   positive	
   results	
   from	
   the	
   task	
  

fMRI	
   data,	
   but	
   the	
   presence	
   of	
   CST	
   derived	
   positive	
   results,	
   may	
   be	
   because	
   the	
  

structural	
  integrity	
  of	
  the	
  CST	
  is	
  a	
  more	
  primary,	
  and	
  therefore	
  sensitive,	
  measure.	
  

It	
   is	
  also	
  possible	
   that,	
  because	
  our	
  patients	
  are	
   in	
   the	
  chronic	
  stages	
  of	
   recovery,	
  

the	
  imbalance	
  of	
  task-­‐induced	
  activation	
  has	
  resolved	
  to	
  a	
  point	
  where	
  it	
  is	
  difficult	
  

to	
  distinguish	
  between	
  disability	
  levels.	
  

	
   Previous	
   studies	
   have	
   also	
   found	
   that	
   various	
   measures	
   of	
   grey	
   matter	
  

density	
  predict	
  behavioural	
  changes	
  (Gauthier	
  et	
  al.,	
  2012;	
  Nouri	
  &	
  Cramer,	
  2011),	
  

in	
   that	
   the	
  more	
  preserved	
  grey	
  matter,	
   the	
  more	
   the	
   improvement.	
   In	
  Chapter	
  6,	
  

we	
   showed	
   that	
   change	
   in	
   grey	
   matter	
   in	
   the	
   ipsilesional	
   M1	
   and	
   PMd,	
   and	
  

contralesional	
   somatosenory	
   cortex	
   correlated	
   with	
   change	
   on	
   the	
   Fugl-­‐Meyer.	
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However,	
  we	
  did	
  not	
  find	
  that	
  grey	
  matter	
  volume	
  in	
  these	
  or	
  other	
  areas	
  predicted	
  

baseline	
  or	
  change	
  in	
  motor	
  ability.	
  

	
  

Future	
  directions	
  

	
   Although	
   CST	
   FA	
   and	
   resting	
   motor	
   activity	
   were	
   found	
   to	
   predict	
  

behavioural	
   improvements,	
   the	
   multiple	
   regression	
   showed	
   that	
   neither	
   imaging	
  

modality	
   significantly	
   increased	
   predictive	
   power	
   above	
   those	
   gleaned	
   from	
  

baseline	
   motor	
   ability.	
   This	
   could	
   be	
   due	
   to	
   the	
   relatively	
   small	
   number	
   (11)	
   of	
  

patients	
  in	
  each	
  group,	
  or	
  because	
  the	
  patients	
  in	
  our	
  study	
  are	
  very	
  heterogeneous	
  

in	
   terms	
  of	
  degree	
  of	
  disability.	
  A	
   larger	
   sample	
  might	
  be	
   able	
   to	
   address	
  both	
  of	
  

these	
  questions	
  by	
   increasing	
  the	
  statistical	
  sensitivity	
  of	
  the	
  results,	
  and	
  allowing	
  

for	
  analysis	
  of	
  improvements	
  within	
  disability	
  levels.	
  

	
   Overall,	
   the	
   results	
   presented	
   in	
   this	
   chapter	
   are	
   promising	
   for	
   chronic	
  

stroke	
   rehabilitation,	
   as	
   they	
   show	
   that	
   even	
   severely	
   impaired	
   patients,	
   with	
  

significantly	
   compromised	
   motor	
   systems,	
   can	
   benefit	
   from	
   motor	
   training	
   and	
  

tDCS;	
  indeed,	
  they	
  may	
  benefit	
  the	
  most.	
  

	
  

7.5 CONCLUSION	
  

	
   A	
   striking	
   feature	
   of	
   post-­‐stroke	
   neurological	
   dysfunction,	
   and	
   the	
   tenet	
  

upon	
   which	
   stimulation-­‐mediated	
   rehabilitation	
   programs	
   are	
   based,	
   is	
   the	
  

presence	
   of	
   an	
   altered	
   balance	
   between	
   the	
   lesioned	
   and	
   contralesional	
  

hemispheres.	
  The	
  results	
  of	
  this	
  chapter	
  show	
  that	
  the	
  degree	
  of	
  this	
  imbalance	
  or	
  

asymmetry	
   prior	
   to	
   intervention	
   is	
   predictive	
   of	
   subsequent	
   behavioural	
  

improvements:	
  the	
  greater	
  the	
  baseline	
  asymmetry,	
  the	
  larger	
  the	
  gains.	
  This	
  is	
  true	
  

in	
  patients	
  receiving	
  motor	
   training	
  alone,	
  but	
  occurs	
   in	
  a	
  more	
  robust	
  manner	
   in	
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those	
   receiving	
   anodal	
   tDCS	
   in	
   conjunction.	
   By	
   analysing	
   both	
   DTI	
   of	
   the	
  

corticospinal	
   tract	
   and	
   resting	
   activity	
   across	
   the	
   cortex,	
   we	
   showed	
   that	
   the	
  

predictive	
  power	
  extends	
  to	
  both	
  the	
  structural	
  and	
  functional	
  domains.	
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Chapter	
  8: General	
  Conclusions	
  
	
   The	
  preceding	
  experimental	
  chapters	
  in	
  this	
  thesis	
  investigated	
  tDCS	
  as	
  a	
  tool	
  

to	
   modify	
   motor	
   function	
   in	
   healthy	
   controls	
   and	
   stroke	
   patients.	
   Here,	
   the	
   main	
  

findings	
   of	
   those	
   studies	
   are	
   summarized,	
   and	
   general	
   conclusions	
   drawn.	
   To	
   close,	
  

future	
  directions	
  and	
  applications	
  stemming	
  from	
  the	
  work	
  presented	
  in	
  this	
  thesis	
  are	
  

discussed.	
  

	
  

8.1 THESIS	
  OVERVIEW	
  

	
   The	
   research	
   chapters	
   of	
   this	
   thesis	
   used	
   transcranial	
   direct	
   current	
  

stimulation	
   (tDCS)	
   to	
   perturb	
   motor	
   functioning,	
   ultimately	
   aiming	
   to	
   further	
  

elucidate	
   the	
   neurological	
   processes	
   underlying	
   certain	
   motor	
   behaviours.	
   	
   A	
  

variety	
   of	
   techniques	
   including	
   MRI	
   measures	
   and	
   transcranial	
   magnetic	
  

stimulation	
   (TMS)	
   were	
   employed	
   in	
   both	
   healthy	
   controls	
   and	
   chronic	
   stroke	
  

patients,	
  to	
  investigate	
  and	
  document	
  these	
  results.	
  

	
  

Chapter	
  4	
   tested	
   the	
  effects	
  of	
   tDCS	
  on	
  network	
  connectivity.	
  By	
  considering	
  both	
  

anodal	
   and	
   cathodal	
   tDCS,	
   and	
   examining	
   resting	
   BOLD	
   activity	
   in	
   a	
   model-­‐free	
  

manner,	
  this	
  first	
  experimental	
  chapter	
  provided	
  an	
  introduction	
  to	
  the	
  interaction	
  

between	
  tDCS	
  and	
  the	
  brain	
  as	
  a	
  whole,	
  and	
   focused	
  on	
  the	
  effects	
  of	
   tDCS	
  on	
  the	
  

motor	
   system	
   in	
  particular.	
   	
  We	
   chose	
   to	
   study	
  both	
  anodal	
   and	
   cathodal	
   tDCS	
   to	
  

distinguish	
  polarity	
  specific	
  effects	
  from	
  those	
  due	
  to	
  tDCS	
  in	
  general.	
  

	
  

Chapter	
   5	
   then	
   focused	
   on	
   one	
   tDCS	
   polarity	
   and	
   one	
   brain	
   region:	
   the	
   effects	
   of	
  

anodal	
   tDCS	
   on	
   circuits	
   within	
   M1.	
   	
   	
   We	
   chose	
   anodal	
   tDCS	
   as	
   this	
   has	
   been	
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previously	
  shown	
  to	
  modulate	
  motor	
  learning	
  in	
  healthy	
  controls	
  (REF)	
  and,	
  when	
  

applied	
   to	
   the	
   ipsilesional	
  hemisphere	
   in	
  stroke	
  patients,	
   to	
   improve	
   function	
   in	
  a	
  

single	
  session	
  (REF).	
  In	
  this	
  chapter,	
  we	
  investigated	
  how	
  the	
  relative	
  timing	
  of	
  tDCS	
  

application	
   and	
   motor	
   performance	
   affects	
   behavioural	
   and	
   neurophysiological	
  

outcomes	
  in	
  healthy	
  controls.	
  	
  	
  

	
  

Chapter	
   6	
   extended	
   the	
   work	
   introduced	
   in	
   the	
   previous	
   chapters	
   to	
   a	
   patient	
  

population.	
   A	
   clinical	
   trial	
   assessed	
   the	
   utility	
   of	
   anodal	
   tDCS	
   applied	
   to	
   the	
  

ipsilesional	
   hemisphere	
   as	
   a	
   supplement	
   to	
   motor	
   training	
   in	
   a	
   group	
   of	
  

heterogeneously	
  impaired	
  chronic	
  stroke	
  patients.	
  

	
  

Chapter	
  7	
  drew	
  upon	
  the	
  results	
  from	
  the	
  clinical	
  trial	
  described	
  above,	
  and	
  tested	
  

whether	
  baseline	
   imaging	
  measures	
  reflective	
  of	
  hemispheric	
   imbalance	
  predicted	
  

baseline	
  motor	
  ability	
  and	
  ensuing	
  rehabilitation-­‐mediated	
  recovery.	
  	
  

	
  

8.2 SUMMARY	
  OF	
  RESULTS	
  

8.2.1 WHOLE-­BRAIN	
  RESTING	
  NETWORK	
  CONNECTIVITY	
  (CHAPTER	
  4)	
  

	
   The	
  general	
  aim	
  of	
  this	
  thesis	
  was	
  to	
  investigate	
  how	
  tDCS	
  affects	
  the	
  brain	
  

with	
  regard	
  to	
  modifying	
  the	
  performance	
  of	
  motor	
  tasks.	
  We	
  first	
  determined	
  how	
  

tDCS	
   affects	
   the	
   brain	
   at	
   rest,	
   independent	
   of	
   a	
   task,	
  with	
   the	
   understanding	
   that	
  

such	
  changes	
  in	
  intrinsic	
  connectivity	
  may	
  be	
  one	
  of	
  the	
  substrates	
  by	
  which	
  motor	
  

performance	
  may	
  be	
  modified.	
  The	
  results	
  of	
  Chapter	
  4	
  demonstrated	
  that	
  cathodal	
  

tDCS	
   increased	
   the	
   strength	
   of	
   the	
   default	
  mode	
   network	
   (DMN).	
   A	
   strong	
   trend	
  

toward	
  anodal	
  tDCS	
  increasing	
  the	
  strength	
  of	
  the	
  motor	
  network	
  was	
  also	
  noted.	
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   These	
   findings	
   regarding	
   changes	
   in	
   connectivity	
   within	
   specific	
   networks	
  

complement	
  previously	
  established	
  behavioural	
  findings.	
  Separately,	
  both	
  increased	
  

DMN	
  activity	
  (Peña-­‐Gómez	
  et	
  al.,	
  2011)	
  and	
  cathodal	
  tDCS	
  (Stagg	
  et	
  al.,	
  2011)	
  have	
  

been	
   shown	
   to	
   worsen	
   performance	
   of	
   behavioural	
   tasks.	
   Thus,	
   the	
   findings	
   in	
  

Chapter	
   4	
   imply	
   that	
   these	
   two	
   previously	
   independent	
   findings	
  may	
   be	
   related.	
  

Likewise,	
   components	
   of	
   the	
   motor	
   network	
   are	
   activated	
   during	
   motor	
  

performance,	
  and	
  the	
  present	
  study	
  suggests	
  that	
  anodal	
  tDCS	
  may	
  increase	
  motor	
  

network	
  activity.	
  Accordingly,	
  anodal	
  tDCS	
  generally	
  improves	
  motor	
  performance	
  

(Stagg	
  et	
  al.,	
  2011).	
  

	
  

8.2.2 TIMING	
  AND	
  CORTICAL	
  NETWORKS	
  WITHIN	
  M1	
  (CHAPTER	
  5)	
  

	
   Although	
   the	
   change	
   in	
   resting	
   state	
   strength	
   due	
   to	
   anodal	
   tDCS	
   was	
  

relatively	
   subtle,	
   it	
   is	
   known	
   to	
   produce	
   robust	
   improvements	
   in	
   behaviour,	
   but	
  

typically	
  only	
  if	
  stimulation	
  is	
  delivered	
  at	
  the	
  same	
  time	
  as	
  motor	
  performance.	
  The	
  

next	
   series	
   of	
   experiments,	
   presented	
   in	
   Chapter	
   5,	
   delved	
   deeper	
   into	
   the	
  

neurophysiological	
  processes	
  that	
  may	
  be	
  underlying	
  this	
  phenomenon.	
  Using	
  TMS	
  

measures	
   and	
   EMG	
   recordings,	
   a	
   series	
   of	
   experiments	
   found	
   that,	
   when	
   anodal	
  

tDCS	
   is	
   applied	
   before	
   the	
   motor	
   task,	
   subsequent	
   learning	
   was	
   impaired	
   and	
  

inhibition	
  levels	
  increased.	
  This	
  latter	
  finding	
  was	
  particular	
  to	
  a	
  type	
  of	
  inhibition	
  

thought	
  to	
  rely	
  on	
  synaptic	
  GABAA	
  	
  (Kujirai	
  et	
  al.,	
  1993).	
  These	
  results	
  suggest	
  that	
  

the	
  interaction	
  between	
  tDCS	
  and	
  motor	
  performance	
  may	
  conform	
  to	
  the	
  rules	
  of	
  

homeostatic	
  plasticity.	
  

	
   An	
   incidental	
   finding	
  of	
   this	
  experiment	
  was	
   the	
  potential	
   specificity	
  of	
   the	
  

results	
  with	
  regard	
  to	
  particular	
  muscles.	
  Though	
  often	
  used	
  as	
  a	
  surrogate	
  for	
  the	
  

muscle	
  directly	
   involved	
   in	
   sequence	
   tapping,	
   the	
  FDI	
   is	
   actually	
   adjacent	
   to	
   it.	
   In	
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line	
   with	
   the	
   center-­‐surround	
   hypothesis,	
   activity	
   in	
   this	
   surround	
   muscle	
   was	
  

inhibited	
  (Beck	
  et	
  al.,	
  2009;	
  Tamburin	
  et	
  al.,	
  2005),	
  potentially	
  to	
  allow	
  the	
  center	
  

muscle,	
  from	
  which	
  we	
  were	
  unable	
  to	
  directly	
  record,	
  to	
  be	
  fully	
  activated.	
  

	
  

8.2.3 TDCS	
  AS	
  A	
  TOOL	
  IN	
  STROKE	
  REHABILITATION	
  (CHAPTERS	
  6,	
  7)	
  

	
   The	
  final	
  two	
  experimental	
  chapters	
  of	
  the	
  thesis	
  concerned	
  motor	
  function	
  

in	
   chronic	
   stroke	
   patients.	
   A	
   10	
   day	
   clinical	
   trial	
   of	
   repeated	
   sessions	
   of	
   motor	
  

therapy	
   resulted	
   in	
   behavioural	
   improvements	
   in	
   all	
   patients,	
   including	
   those	
  

patients	
  receiving	
  the	
  placebo	
  condition,	
  sham	
  tDCS.	
  Patients	
  who	
  received	
  anodal	
  

tDCS	
  to	
  the	
  ipsilesional	
  M1	
  during	
  motor	
  training	
  experienced	
  increased	
  task-­‐based	
  

functional	
   activity	
   in	
   ipsilesional	
   motor	
   areas,	
   and	
   increased	
   grey	
   matter	
   in	
   the	
  

ipsilesional	
   M1	
   and	
   PMd,	
   and	
   the	
   contralesional	
   somatosensory	
   cortex.	
   These	
  

changes	
   were	
   correlated	
   with	
   improvements	
   on	
   the	
   ARAT	
   and	
   Fugl-­‐Meyer,	
  

respectively.	
  

	
   Moreover,	
   it	
  was	
   found	
   that	
   baseline	
  measures	
   of	
   asymmetry	
   between	
   the	
  

hemispheres	
   correlated	
   with	
   baseline	
   motor	
   ability.	
   They	
   also	
   predicted	
  

behavioural	
   gains:	
   resting	
  M1	
   activity	
   predicted	
   gains	
   in	
   both	
   groups	
   of	
   patients;	
  

integrity	
   of	
   the	
   CST	
   predicted	
   gains	
   in	
   the	
   anodal	
   tDCS	
   group.	
   The	
   more	
   the	
  

asymmetry	
   favoured	
  the	
  contralesional	
  hemisphere,	
   the	
  worse	
   the	
  baseline	
  motor	
  

ability,	
   and	
   the	
   greater	
   the	
   behavioural	
   improvements.	
   This	
   suggests	
   that	
   better	
  

recovered	
   patients	
   have	
   resolved	
   their	
   post-­‐stroke	
   hemispheric	
   imbalance	
   to	
   a	
  

greater	
  extent.	
  Moreover,	
  our	
  clinical	
  trial	
  suggests	
  that	
  it	
  may	
  be	
  the	
  most	
  impaired,	
  

least	
  recovered	
  patients	
  who	
  stand	
  to	
  gain	
  the	
  most	
  from	
  this	
  type	
  of	
  rehabilitation.	
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8.3 FUTURE	
  DIRECTIONS	
  

	
   The	
  work	
   in	
   this	
   thesis	
   lends	
   itself	
   to	
  both	
  direct	
  extensions	
  of	
   the	
  current	
  

studies,	
   as	
   well	
   as	
   new	
   lines	
   of	
   inquiry	
   arising	
   from	
   particular	
   findings.	
   The	
  

following	
  sections	
  touch	
  upon	
  some	
  of	
  these	
  possibilities.	
  

8.3.1 EXTENSION	
  OF	
  CURRENT	
  STUDIES	
  

	
   A	
   handful	
   of	
   questions	
   naturally	
   arise	
   from	
   the	
   results	
   of	
   the	
   experiments	
  

performed	
   for	
   this	
   thesis,	
   as	
   detailed	
   in	
   the	
   discussion	
   sections	
   of	
   the	
   relevant	
  

chapters.	
  	
  In	
  brief:	
  With	
  regard	
  to	
  the	
  resting	
  state	
  experiment	
  (Chapter	
  4),	
  a	
  logical	
  

next	
  step	
  would	
  be	
  to	
  determine	
  if	
  and	
  how	
  these	
  changes	
  in	
  connectivity	
  correlate	
  

with	
   and	
   predict	
   motor	
   performance.	
   This	
   could	
   be	
   accomplished	
   with	
   an	
  

experimental	
   protocol	
   identical	
   to	
   the	
   one	
   employed	
   here,	
   with	
   the	
   addition	
   of	
  

motor	
  tasks	
  administered	
  at	
  baseline	
  and	
  following	
  the	
  resting	
  state	
  scans.	
  

	
   Two	
   follow-­‐up	
   experiments	
   to	
   the	
   study	
   testing	
   the	
   effect	
   of	
   the	
   timing	
   of	
  

tDCS	
   application	
   on	
   motor	
   performance	
   and	
   excitability	
   (Chapter	
   5)	
   present	
  

themselves.	
   First,	
   one	
   might	
   re-­‐perform	
   the	
   online	
   tDCS	
   condition	
   (anodal	
   tDCS	
  

during	
   task	
   performance),	
   with	
   the	
   intention	
   of	
   ensuring	
   that	
   the	
   established	
  

behavioural	
  augmentation	
  is	
   found.	
  This	
  could,	
   for	
  example,	
  be	
  done	
  in	
  a	
  post-­‐hoc	
  

manner	
   in	
   which	
   data	
   was	
   only	
   included	
   from	
   subjects	
   in	
   whom	
   the	
   effect	
   was	
  

found.	
   Secondly,	
   a	
  more	
   in-­‐depth	
   appraisal	
   of	
   the	
   center-­‐surround	
   theory	
  may	
  be	
  

warranted.	
   This	
   could	
   be	
   achieved	
   by	
   performing	
   a	
   more	
   precise	
   analysis	
   of	
   the	
  

involvement	
  of	
   the	
  muscles	
  of	
   the	
  hand	
   in	
   the	
  motor	
   task,	
  and	
  re-­‐running	
  all	
   four	
  

conditions	
  while	
  measuring	
  excitability/inhibition	
  within	
  these	
  muscles.	
  	
  

	
   Two	
   protocol	
   related	
   amendments	
   arise	
   as	
   possibilities	
   when	
   considering	
  

the	
   stroke	
   clinical	
   trial.	
   Our	
   study	
   applied	
   1mA	
   tDCS	
   during	
   the	
   first	
   half	
   of	
   each	
  

motor	
   training	
   session,	
   i.e.,	
   for	
   20	
  minutes.	
   Two	
   variations	
   on	
   this	
   procedure	
   are	
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readily	
   apparent:	
   the	
   first	
   is	
   to	
   administer	
   tDCS	
   for	
   the	
   entirety	
   of	
   the	
   motor	
  

training;	
   the	
   second	
   is	
   to	
   increase	
   the	
   intensity	
   to	
   2	
   mA.	
   A	
   study	
   investigating	
  

whether	
   these	
   two	
   simple	
   modifications	
   increase	
   behavioural	
   gains	
   would	
   be	
  

helpful,	
   though	
  would	
  need	
  to	
  first	
  be	
  performed	
  at	
  the	
  single	
  session	
  level	
  before	
  

being	
  extended	
  to	
  the	
  full	
  10	
  day	
  program.	
  

	
  

8.3.2 FUTURE	
  STUDIES	
  INVOLVING	
  HEALTHY	
  CONTROLS	
  	
  

8.3.2.1 Exploring	
  the	
  behavioural	
  effects	
  of	
  cathodal	
  tDCS	
  

	
   The	
  resting	
  state	
  experiment	
  in	
  Chapter	
  4	
  showed	
  that	
  cathodal	
  tDCS	
  works	
  

in	
  such	
  a	
  way	
  as	
  to	
   increase	
  the	
  strength	
  of	
  the	
  DMN,	
  which	
  may	
  negatively	
  affect	
  

behaviour.	
   As	
   noted	
   above,	
   an	
   experiment	
   directly	
   linking	
   such	
   changes	
   to	
  

behavourial	
   modifications	
   could	
   be	
   beneficial.	
   Moreover,	
   the	
   remaining	
  

experiments	
  in	
  this	
  thesis	
  focused	
  on	
  anodal	
  tDCS,	
  as	
  it	
  has	
  been	
  shown	
  to	
  improve	
  

behaviour	
  more	
  reliably.	
  However,	
  cathodal	
  tDCS	
  to	
  the	
  contralesional	
  hemisphere	
  

has	
  been	
  used	
  to	
  improve	
  motor	
  ability	
  in	
  stroke	
  patients,	
  among	
  other	
  populations	
  

(Fregni	
   et	
   al.,	
   2005),	
   although	
   significant	
   improvements	
  have	
  not	
  been	
   seen	
   in	
   all	
  

studies	
   (Stagg	
   et	
   al.,	
   2012).	
   Thus,	
   continued	
   investigation	
   into	
   the	
   neurological	
  

correlates	
  of	
  cathodal	
  tDCS	
  application	
  is	
  required,	
  particularly	
  as	
  it	
  relates	
  to	
  cross-­‐

hemispheric	
  interactions	
  (Vines	
  et	
  al.,	
  2008).	
  A	
  TMS	
  study	
  similar	
  to	
  that	
  presented	
  

in	
   Chapter	
   5,	
   with	
   the	
   addition	
   of	
   measures	
   of	
   interhemispheric	
   changes	
   (e.g.,	
  

interhemispheric	
   inhibition	
  (IHI)	
  and	
   facilitation	
  (IHF))	
  could	
  provide	
   initial	
   steps	
  

to	
  understanding	
  how	
  this	
  tool	
  could	
  best	
  be	
  harnessed	
  to	
  facilitate	
  performance	
  in	
  

both	
  healthy	
  and	
  patient	
  populations	
  (Di	
  Lazzaro	
  et	
  al.,	
  2012).	
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8.3.2.2 Combined	
  TMS-­fMRI	
  to	
  correlate	
  neurophysiological	
  and	
  imaging	
  findings	
  

	
   The	
  results	
  of	
  Chapter	
  5	
  showed	
  changes	
  in	
  inhibition	
  and	
  task	
  performance	
  

following	
  offline	
  anodal	
  tDCS	
  application.	
  We	
  posited	
  that	
  these	
  changes	
  were	
  due	
  

to	
   modifications	
   in	
   GABAA	
   levels.	
   A	
   combined	
   tDCS-­‐TMS-­‐fMRI	
   experiment	
  

documenting	
   changes	
   both	
   in	
   inhibition	
   as	
  measured	
   by	
  MEP	
   levels	
   and	
   by	
   fMRI	
  

related	
   measures	
   (potentially	
   resting	
   BOLD	
   response	
   or	
   spectroscopy	
   measures)	
  

would	
   further	
   clarify	
   these	
   results.	
   A	
   recent	
   study	
   by	
   Kriváneková	
   and	
   others	
  

following	
   a	
   similar	
   design	
   found	
   that	
   the	
   changes	
   in	
   TMS-­‐derived	
  MEP	
  measures	
  

accompanied,	
  but	
  did	
  not	
  correlate	
  with,	
  BOLD	
  signal	
  changes,	
  suggesting	
  that	
  they	
  

were	
   distinct	
   physiological	
   mechanisms	
   (Kriváneková	
   et	
   al.,	
   2012).	
   Other	
  

concurrent	
   TMS-­‐fMRI	
   studies	
   have	
   applied	
   bursts	
   of	
   TMS	
   while	
   scans	
   are	
   being	
  

acquired	
   (Bestmann	
   et	
   al.,	
   2008;	
   Leitão	
   et	
   al.,	
   2012;	
   Sack	
   et	
   al.,	
   2007).	
  Modifying	
  

paradigms	
   used	
   such	
   as	
   this	
   to	
   deliver	
   single	
   or	
   paired-­‐pulse	
   TMS	
  measures	
   that	
  

were	
  recorded	
  with	
  EMG	
  while	
  simultaneously,	
  for	
  example,	
  acquiring	
  resting	
  state	
  

data	
  would	
  allow	
  for	
  parallel	
  information	
  and	
  conclusion	
  drawing.	
  

	
  

8.3.3 FUTURE	
  STUDIES	
  INVOLVING	
  PATIENT	
  POPULATIONS	
  

8.3.3.1 Comparing	
  tDCS-­mediated	
  changes	
  in	
  controls	
  and	
  patients	
  

	
   Studies	
   performed	
   in	
   healthy	
   controls	
   allow	
   researchers	
   to	
   probe	
   the	
  

processes	
   occurring	
   in	
   the	
   normally-­‐functioning	
   brain.	
   At	
   times,	
   these	
   results	
   are	
  

used	
  as	
  a	
  surrogate	
  for	
  what	
  may	
  be	
  occurring	
  in	
  a	
  brain	
  affected	
  by	
  pathology,	
  or	
  

may	
  serve	
  as	
  a	
  template	
  upon	
  which	
  to	
  base	
  conjecture	
  and	
  future	
  experiments	
  to	
  

explore	
   those	
  affected	
  brains.	
  As	
  a	
   first	
  pass,	
   it	
  would	
  be	
   interesting	
   to	
  repeat	
   the	
  

studies	
  in	
  Chapters	
  4	
  and	
  5	
  to	
  see	
  if	
  and	
  how	
  they	
  translate	
  to	
  a	
  patient	
  population.	
  

This	
  would	
  be	
   fairly	
  straightforward	
   for	
   the	
  resting	
  state	
  study,	
  and	
  slightly	
  more	
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challenging	
  for	
  the	
  study	
  in	
  Chapter	
  5,	
  as	
  not	
  all	
  patients	
  have	
  recordable	
  MEPs.	
  To	
  

circumvent	
   this,	
   the	
   study	
   could	
   be	
   performed	
   in	
   well-­‐recovered	
   patients.	
  

Ultimately,	
  this	
  might	
  lead	
  to	
  a	
  dual	
  control-­‐patient	
  study	
  similar	
  to	
  that	
  performed	
  

in	
  healthy	
  subjects	
  in	
  2009	
  by	
  Reis	
  (Reis	
  et	
  al.,	
  2009).	
  

	
  

8.3.3.2 Comparing	
  the	
  long-­term	
  efficacy	
  of	
  tDCS	
  polarities	
  in	
  stroke	
  rehabilitation	
  

	
   Previous	
   studies	
   investigating	
   the	
  use	
  of	
   tDCS	
   in	
   stroke	
   rehabilitation	
  have	
  

used	
  cathodal	
  tDCS	
  (Boggio	
  et	
  al.,	
  2007)	
  or	
  bilateral	
  tDCS	
  (Lindenberg	
  et	
  al.,	
  2010b).	
  

The	
   study	
   presented	
   in	
   chapters	
   6	
   and	
   7	
   of	
   this	
   thesis	
   used	
   anodal	
   tDCS.	
   While	
  

single	
   session	
   studies	
   have	
   compared	
   the	
   utility	
   of	
   the	
   four	
   stimulation	
   types	
  

(anodal,	
  cathodal,	
  bilateral,	
  and	
  sham)	
  in	
  stroke	
  patients,	
  none	
  have	
  been	
  done	
  over	
  

the	
  long	
  term	
  (Fregni	
  et	
  al.,	
  2005;	
  Stagg	
  et	
  al.,	
  2012).	
  Such	
  a	
  study	
  would	
  allow	
  for	
  

the	
   elucidation	
   of	
   how	
  well	
   the	
   different	
   polarities	
  work,	
   and	
  would	
   also	
   help	
   to	
  

begin	
  tailoring	
  therapies	
  for	
  particular	
  patients.	
  Studies	
  have	
  already	
  suggested	
  that	
  

upregulation	
   of	
   the	
   ipsilesional	
   hemisphere	
   may	
   be	
   more	
   beneficial	
   for	
   better	
  

recovered	
   patients	
   (Lindenberg	
   et	
   al.,	
   2010a;	
   Stinear	
   et	
   al.,	
   2012;	
   Stinear	
   et	
   al.,	
  

2006),	
  even	
  suggesting	
  that	
  upregulation	
  of	
  the	
  contralesional	
  would	
  be	
  best	
  for	
  the	
  

most	
   impaired	
   (Stinear	
  et	
  al.,	
  2006).	
  A	
  study	
  such	
  as	
   the	
  one	
  proposed	
  here,	
  on	
  a	
  

large	
  enough	
  scale,	
  perhaps	
  multi-­‐center,	
  would	
  allow	
  one	
  to	
  see	
  whether	
  this	
  was	
  

true.	
  

	
  

8.4 OVERALL	
  CONCLUSIONS	
  

	
   tDCS	
  continues	
  to	
  gain	
  popularity	
  as	
  a	
  tool	
  used	
  to	
  explore	
  motor	
  behaviour.	
  

Generally,	
  cathodal	
  tDCS	
  to	
  the	
  dominant	
  hemisphere	
  worsens	
  performance;	
  anodal	
  

tDCS	
   improves	
   it.	
   The	
   experiments	
   contained	
   within	
   this	
   thesis	
   help	
   clarify	
   and	
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broaden	
   our	
   understanding	
   of	
   the	
   potential	
   processes	
   behind	
   these	
   behavioural	
  

modifications.	
   On	
   the	
   whole-­‐brain	
   level,	
   cathodal	
   tDCS	
   may	
   worsen	
   motor	
  

performance	
   by	
   increasing	
   activity	
   in	
   the	
   DMN,	
   a	
   network	
   that	
   should	
   be	
  

deactivated	
  in	
  order	
  to	
  facilitate	
  task	
  performance.	
  Anodal	
  tDCS,	
  on	
  the	
  other	
  hand,	
  

may	
  improve	
  motor	
  performance	
  by	
  increasing	
  activity	
  in	
  the	
  motor	
  network	
  itself	
  

(Chapter	
  4).	
  

	
   Coupled	
  with	
  the	
  information	
  gleaned	
  from	
  the	
  MEP	
  analysis,	
  this	
  result	
  may	
  

help	
  explain	
  the	
  differential	
  effects	
  of	
  online	
  and	
  offline	
  anodal	
  tDCS.	
  Using	
  tDCS	
  to	
  

increase	
   motor	
   activity	
   prior	
   to	
   task	
   performance	
   (quantified	
   in	
   this	
   thesis	
   as	
  

greater	
  activity	
  in	
  the	
  motor	
  network	
  (Chapter	
  4)	
  and	
  increased	
  MEP	
  size	
  (Chapter	
  

5))	
  exhausts	
  the	
  motor	
  system	
  and	
  increases	
  the	
  likelihood	
  of	
  subsequent	
  inhibition.	
  

This	
  inhibition,	
  in	
  turn,	
  worsens	
  motor	
  behaviour.	
  Both	
  of	
  these	
  results—inhibition	
  

and	
  worsened	
  performance,	
  were	
  documented	
   following	
  offline	
   tDCS	
   (Chapter	
  5).	
  

As	
  such,	
   the	
  studies	
   in	
   this	
   thesis	
  concerning	
  healthy	
  adults	
  support	
   the	
   theory	
  of	
  

homeostatic	
  plasticity	
  as	
  it	
  relates	
  to	
  tDCS	
  and	
  motor	
  behaviour.	
  

	
   The	
  results	
  of	
   this	
   thesis	
  also	
  provide	
  support	
   for	
  an	
  additional	
   theory:	
   the	
  

relevance	
  of	
   altered	
   interhemispheric	
   interactions	
   in	
   stroke	
  patients.	
  Anodal	
   tDCS	
  

paired	
   with	
   motor	
   training	
   resulted	
   in	
   increased	
   ipsilesional	
   activity	
   and	
   grey	
  

matter	
   (Chapter	
   6),	
   and	
   baseline	
   measures	
   of	
   asymmetry	
   were	
   predictive	
   of	
  

response	
   to	
   the	
   rehabilitation	
   program	
   (Chapter	
   7).	
   Taken	
   together,	
   these	
   two	
  

chapters	
   reveal	
   that	
   the	
   balance	
   of	
   function	
   between	
   the	
   hemispheres	
   plays	
   a	
  

central	
  role	
  in	
  stroke	
  pathology	
  and	
  recovery.	
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