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Abstract 

Despite  the  large  amount  of  work  that  has  been  conducted  since  Donald’s  Hebb  work  and  

described   in   his   famous   dissertation   “The   Organization   of   Behavior”   (Hebb,   1949),  

understanding   the   experience-­dependent   mechanisms   of   plasticity   within   the   primary  

visual  cortex  (V1)  remains  a  major  priority.  Although  plasticity  effects  are  strongest  during  

the   critical   period   (early   development),   studies   on   cortical   plasticity   from   the   last   two  

decades   have   clearly   demonstrated   that   the   human   brain   is   plastic   and   amenable   to  

changes   throughout   life.   Perceptual   Learning   (PL)   is   one   of   the   most   commonly   used  

procedure  to  promote  visual   improvement   in  neurotypicals  and  recovery  of   functions   in  a  

variety  of  disorders.  However,  a  common  feature   to  most  of   the  training  protocols   is   that  

they   require   long   time   and   a   high   number   of   sessions   to   show   effective   improvement.  

Recently,   non-­invasive   brain   stimulation   (NIBS)   techniques,   specifically   transcranial  

random  noise  stimulation  (tRNS)  and  anodal   tDCS,  have  been  used   to  modulate  activity  

within   the   visual   cortex   to   enhance   perceptual   learning.   However,   the   mechanisms   of  

action  and  the  long-­term  effects  on  learning  are  still  unknown.    

The   questions   this   thesis   work   will   address   are   the   following:   (1)   can   neuromodulatory  

techniques  be  used  to  boost  visual  perceptual  learning  in  neurotypicals,  which  technique  is  

the   most   effective   and   what   are   the   long   term   effects   on   learning?   (2)   what   are   the  

potential  underlying  physiological  mechanisms  modulating  cortical  excitability  of  the  visual  

cortex?   and   (3)   contingent   upon   results   from   (1),   can   NIBS   be   used   over   early,   peri-­

lesional  visual  areas  during  visual  training  to  induce  recovery  of  visuo-­perceptual  abilities  

in  chronic  partial  cortical  blindness  (CB)?  

I   used   tRNS   coupled   with   visuo-­perceptual   training   protocols   to   promote   fast   and  

sustained   perceptual   learning   in   neurotypicals.   I   then   provide   evidence   that   tRNS   can  

increase  cortical  excitability  of   the  visual  cortex,  measured  by  priming  early  visual  areas  

with  tRNS,  before  measuring  phosphene  threshold  with  single  pulse  TMS.  Lastly,  I  provide  

preliminary   evidence   of   the   effectiveness   of   tRNS   in   promoting   recovery   of   visual   field  

deficits  in  partial  cortical  blindness.    
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Introduction    

Brain  plasticity,  from  the  Greek  word  “Plastos”  meaning  molded,  refers  to  the  ability  of  the  

brain  to  potentially  modify  its  neuronal  structural  connections  and  functioning  in  response  

to   the   sensory   inputs   coming   from   the   environment.   Already   back   in   the   nineteenth  

century,   Donald   Hebb   in   his   famous   dissertation   “The  Organization   of   Behavior”,  wrote  

about  the  fascinating  idea  that  information  in  the  brain  is  stored  by  modifying  the  strength  

of   neuronal   connections   (Hebb,   1949).   Hebb   described   the   ways   in   which   synaptic  

connections   vary   in   the   visual   cortex   after   repeated   exposure   to   specific   stimuli.   The  

seminal  experiments  by  Wiesel  and  Hubel   (Wiesel  &  Hubel,   1963),  which  examined   the  

consequences   of   temporary  monocular   deprivation   (MD)   in   kittens,   revealed   that   visual  

experience  indeed  modifies  neuronal  connections  early  in  life.      

Traditionally,  supported  by  these  studies  about  the  critical  period,  brain  plasticity  has  been  

thought   to   occur   only   during   infancy   and   early   development   (Hensch   2005a,   Hensch  

2005b,  Hubel  &  Wiesel,  1964).  However,  although  it  remains  true  that  plasticity  effects  are  

strongest   during   childhood,   a   large   amount   of   work   in   the   last   two   decades   clearly  

demonstrated  that  the  adult  human  brain  is  plastic  (Buonomano  et  al.,  1998;;  Gilbert  &  Li,  

2012;;  Li,  Piëch,  &  Gilbert,  2004,  Gold  &  Watanabe,  2010;;  Seitz  &  Dinse,  2007,  Sale  et  al.,  

2011).  Studies  on  adult  non-­human  primates  have  shown  that  following  binocular   lesions  

of  regions  of  the  retina,  V1  neurons  receiving  information  from  the  lesioned  areas  start  to  

shift   their   receptive   fields   (Abe  et   al.,   2015;;  Gilbert  &  Wiesel,   1992)  by   remodeling   their  

lateral   connections   in   the   perilesional   areas   through   sprouting   and   pruning   phenomena  

(Yamahachi  et  al.,  2009).          

Clinically,   efficient   neuroplasticity   might   be   critical   in   determining   optimal   recovery   after  

brain   injury   (e.g.   after   stroke),   in   order   to   regain   independence   to   perform   daily   life  

activities  (e.g.  self-­care,  eating,  dressing).    Promoting  cortical  plasticity  has  become  a  hotly  

debated  topic,  particularly  in  the  last  couple  of  decades,  where  new  experimental  protocols  

have   been   proposed   “to   train”   the   healthy   and   diseased   brain.     Behavioral   procedures  

such   as   training   on   visual   tasks   across   multiple   sessions   have   been   used   to   promote  

recovery  of  functions  in  a  variety  of  disorders.  Perceptual  Learning  (PL)  is  one  of  the  most  

commonly  used  procedure,  whereby  improvements  in  sensory  discrimination  is  promoted  

through  repeated  exposure  to  the  same  stimuli  that  vary  in  difficulty  as  the  subject  learns  

(Levi  et  al.,2009;;  Nitsche  et  al.,  2009;;  Sagi  et  al.,  2011).  Several  mechanisms  promoting  

these   changes   have   been   proposed   as   responsible   for   enhancing   the   effect   of   training,  
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such   as   attention   and   reward   (Ahissar,   2001,   Pascucci   et   al.   2015;;   Seitz   &  Watanabe,  

2005,  Wright  et  al.,  2010),  however  a  common  feature  to  most  of  the  training  protocols  is  

that   they   require   extremely   long   time   and   a   high   number   of   sessions   to   show   effective  

improvement.      

Recently,   noninvasive   brain   stimulation   techniques,   namely   Transcranial   Electrical  

Stimulation   (tES),   have  been  used   to   investigate  and  modulate   visual   perception  and   to  

promote   perceptual   learning.   tES   techniques   are   promising   tool   to   boost   the   effect   of  

training   and   one   technique,   in   particular,   has   provided   clear   evidence   to   be   the   most  

effective  in  supporting  improvements,  transcranial  random  noise  stimulation  (tRNS).  It  is  a  

relatively   new   form   of   brain   stimulation,   and   studies   have   already   shown   how   it   can  

promote  and  sustain  perceptual   learning   (Cappelletti  et  al.,  2013,  Fertonani  et  al.,  2011,  

Camilleri   et   al.,   2014,   2016)   besides   its   clear   modulatory   effects   on   the   motor   cortex  

(Terney  et  al.,  2008).      

The   overarching   goal   of   this   dissertation   is   to   investigate   new   approaches   to   use  Non-­

Invasive  Brain  Stimulation   (NIBS)   techniques  coupled  with   training  protocols,   to  promote  

neuronal   plasticity   in   neurotypicals   and   in   neurological   patients.   Although   NIBS   has  

traditionally   been   used   to   study   causal   brain-­behavior   relationship,   more   recent   tES  

techniques  offer  interesting  new  approaches  to  modulate  and  improve  behavior,  indicating  

strong  potential   translational  application   in  clinical  practice.  However,   the  mechanisms  of  

action  are  still  unclear.      

    

The  aims  of  this  thesis  work  are  the  following:    

Aim   1.   Prime   and   measure.   In   order   to   contribute   to   a   better   understanding   of   the  
neurophysiological  effects  of  different  neurostimulation  techniques,  I  will  study  the  effect  of  

combined  tES  with  TMS.  I  will  provide  some  insights  into  the  neurophysiological  effect  of  

different   tES   techniques  on  Early  Visual  Areas   (EVA).   I  will  measure   the  magnitude  and  

time  course  of  tRNS  and  anodal  tDCS  on  EVA  excitability  by  measuring  single  pulse  TMS-­

elicited  phosphenes  immediately  after  tRNS  or  tDCS  preconditioning.      

Aim  2.  tES  in  cognitive  training.  I  will  study  the  effect  of  different  neuromodulatory  NIBS  
techniques  upon  cognitive  training  in  neurotypicals.  The  goal  is  to  measure  the  quality  and  

duration   of   cortical   stimulation   coupled   with   perceptual   learning,   a   traditional   way   of  

improving  visuoperceptual  abilities  across  multiple  sessions.  I  will  try  to  determine:  (a)  the  



	
   7	
  

feasibility  of  the  procedure,  and  (b)  to  compare  the  differential  effects  relative  to  sham  and  

behavioral  training  alone.    

Aim  3.  tRNS  in  stroke  rehabilitation.  Contingent  upon  results  from  Aim  1  and  2,  I  will  test  
the  hypothesis  that  using  NIBS  over  early,  peril-­lesional  visual  areas  applied  during  visual  

discrimination   training,  can   induce  recovery  of  visuo-­perceptual  abilities   in  chronic  partial  

cortical   blindness   (CB).   The   results,   although   preliminary,   might   recommend   novel  

approaches  to  treat  CB.  While  there  is  a  substantial  body  of  work  for  rehabilitation  of  motor  

impairments,   protocols   for   CB   are   almost   completely   lacking,   except   visual   restoration  

training,  a  protocol  whose  efficacy  is  controversial  for  the  lack  of  good  empirical  evidence.    
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Chapter 1 
  

In   this   first   introductory   chapter   I   will   provide   an   overview   of   visual   perceptual   learning  

(VPL)  studies.  I  will  then  briefly  review  the  neuromodulatory  effects  induced  by  NIBS,  with  

a  particular  emphasis  on  NIBS  coupled  with  VPL.  Subsequently,  I  will  outline  and  shortly  

describe   the   techniques  used   in   the  experiments   to   induce  and  promote   learning.  While  

this   chapter   mostly   concentrates   on   visual   training   and   the   different   neuromodulatory  

techniques  used   in   this   thesis  work,   some  space   is   also  devoted   to   the  anatomy  of   the  

visual   system   and   the   deficits   deriving   from   cortical   lesions   to   the   early   visual   areas.  

However,   some   of   these   aspects   will   also   be   discussed   in   chapter   four,   where   a  

preliminary  study  on  stroke  patients  is  presented.    
     

Perceptual Learning 

The  adult  brain  retains  a  degree  of  plasticity  over  the  entire   life  time,  and  particularly  the  

visual  system,  the  focus  of  this  research  thesis,  is  a  classical  example  of  a  plastic  cortical  

system.  Structural  and  functional  modifications  of  the  neuronal  network  in  the  visual  cortex  

relay   on   a   complex   interplay   between   physiological   neuromodulatory   systems   together  

with   continuous   sensory   experience   (Kasamatsu   at   al.,   1985;;   Kasamatsu   et   al.,   1976;;  

Baroncelli  et  al.,  2010).    

Experience   continuously   modifies   the   perception   of   the   world   around   us,   and   the  

improvements  in  visuo-­perceptual  functions  following  intensive  training  are  the  behavioral  

evidence   reflecting   neuronal   changes   associated  with   perceptual   learning   (PL)   (Gibson,  

1969;;  Gilbert,  1994;;  Gilbert  et  al.,  2001;;  Carmel  &  Carrasco,  2008).  PL  has  been  observed  

for  a  wide  range  of  perceptual  domains,  from  very  simple  sensory  discrimination  like  visual  

and  tactile  acuity  tasks  (Fahle  et  al.,  1995;;  Fahle  &  Morgan,  1996;;  Sathian,  1998;;  Wright  

et  al.,  2010),  stimulus  orientation  discrimination  (Dosher  et  al.,  1998  Matthews  et  al.,  1999;;  

Schiltz  et  al.,1999),  motion  discrimination  (Ball  and  Sekuler,  1992;;  Thompson  et  al.,  2013;;  

Watanabe  et  al.,  2001;;  Matthews  et  al.,  1999),  texture  discrimination  (Ahissar  &  Hochstein,  

1996:  Karni  &  Sagi,  1991)  to  complex  object  recognition  (Furmanski  &  Engel,  2000;;  Fahle  

et  al.,  2002;;  Ashby  &  Maddox  2011,  Op  de  Beeck  &  Baker  2010).      

Visual   Perceptual   Learning   (VPL),   in   particular,   can   be   defined   as   a   form   of   implicit  

memory   that   can   be   sharpened   and   trained   to   improve   visual   discrimination,   when  
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repeatedly  exposed   to  particular   types  of   stimuli   (Snowden  et  al.,   2000).  This  enhanced  

perceptual   acuity   resulting   from   VPL   is   thought   to   reflect   plasticity   of   the   brain   (Sagi,  

2011).  The  notion  of  neuronal  plasticity  of  the  visual  cortex  is  pivotal  not  only  to  achieve  a  

better  understanding  of  the  human  visual  system  and  its  adaptive  mechanisms,  but  also  to  

develop   treatment  protocols   for   the  neurological   population.  Recent   studies  have  shown  

that  training  protocols  can  significantly  strengthen  the  visual  abilities  of  adult  subjects  with  

amblyopia   or   other   forms   of   abnormal   vision,   indicating   potential   translation   of   basic  

research   into   real-­world   application   (Ooi   et   al.,   2013;;   Polat   et   al.,   2004;;   Polat   et   al.,  

2009).      

Classically,   the  effects  of  VPL  have  been  considered  retinotopic  specific,  with  perceptual  

improvements   found   for   spatially-­localized   targets   only   (Ahissar   &   Hochstein,   1997,  

Saarinen   &   Levi,   1995,   Watanabe   et   al.,   2002),   however   more   recent   research   has  

focused  on  the  possibility  of  generalization  of  VPL  to  both  untrained  locations  and  across  

different  features  (Seitz  &  Dinse,  2007;;  Seitz  &  Watanabe,  2005;;  Xiao  et  al.,  2008;;  Zhang  

et  al.,  2010;;  Wang  et  al.,  2012).  This   raises   the  question  of  how   the  entire  visual  cortex  

might   change   in   response   to   perceptual   learning,   and   several   mechanisms   have   been  

proposed  as  playing  a  pivotal  role  in  either  promoting  or  preventing  learning.  

  

The Visual System 

We   are   a   visually   oriented   species   and   the   loss   of   vision   has   a   detrimental   impact   on  

humans.  Most  of  our   impressions,  emotions  and  memories  are  based  on  sight.  How  we  

see   forms  or   perceive  depth,   distinguish   color   or   recognize   faces,   enjoy  a   landscape  or  

perceive   movements   are   all   complex   perceptual   operations   carried   out   by   our   visual  

system  which   is  able   to  create  a   thee-­dimensional  perception  of   the  world   from   the   two-­

dimensional  images  projected  onto  the  retina.  In  humans,  and  in  most  of  the  mammals,  all  

photic  information’s  are  transduced  in  the  rods  and  cones  (photoreceptors)  of  the  retina  to  

be   then   conveyed   to   the   brain   by  way   of   the   axons   of   the   output   cells,   called   ganglion  

cells.  This  axons,  together  with  the  bipolar  cells  from  the  optic  nerve,  project  to  three  major  

subcortical   targets,   the  pretectum  of   the  midbrain,   the  superior  colliculus  (SC)  and  to  the  

lateral  geniculate  nucleus  (LGN)  in  the  thalamus  before  reaching  the  primary  visual  areas  

(Brodmann's   area   17   or   V1,   also   called   striate   cortex)   (Felleman   &   Van   Essen,   1991).  

Because  throughout  most  of  this  course  a  precise  retinotopic  arrangement  of  the  fibers  is  

maintained,   the  striate  cortex  contains  a  complete  neural  map  of   the   retina.  Beyond   the  
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striate   cortex,   also   the   extrastriate   areas,   a   set   of   higher-­order   visual   areas,   contain   a  

representation   of   the   retina.   This   precise   preservation   of   the   arrangement   of   the   fibers  

creates  the  so  called  retinotopic  map.    

Half  of   the  visual   field  of  each  eye   is  mapped  systematically   in   the  contralateral  cerebral  

hemisphere.  

In   fact,   ganglion   cells   axons   travel   in   the   optic  

nerve   to   the   optic   chiasm   (Figure   1.1),   where  

they   undergo   a   partial   decussation   and   enter  

partly   the   left   and   partly   the   right   optic   tract.   In  

this  arrangement,   the  axons  from  the   left  half  of  

each   retina   (the   temporal   hemiretina   of   the   left  

eye  and  the  nasal  hemiretina  from  the  right  eye)  

project   in   the   left   optic   tract,   which   therefore,  

carries   a   complete   representation   of   the   right  

hemifield   of   vision.   On   the   contrary,   fibers  

originating   in   the   right   half   of   each   retina   (the  

nasal  hemiretina  of  the  left  eye  and  the  temporal  hemiretina  of  the  right  eye)  project  to  the  

right  optic   tract  which   therefore  carries  a  complete   representation  of   the   left  hemifield  of  

vision.  This  partial  decussation  guarantees   that  all   the   information   from   the  contralateral  

visual  filed  reaches  each  optic  tract  and  moreover,  because  depth  perception  is  based  on  

the  comparison  of  the  slightly  different  views  seen  by  the  two  eyes,  it  is  necessary  to  bring  

together   information   from   the   two   retinas.  Most   of   the   fibers,   about   90%,   of   each   optic  

tracts   terminate   in   the   LGN,   the   thalamic   relay   nucleus   for   vision. The   fibers   originating  

here,   travel   trough   the   internal   capsule   and   corona   radiata,   curve   around   the   lateral  

ventricle  as  the  optic  radiation  before  reaching  the  primary  visual  cortex  in  the  banks  of  the  

calcarine  sulcus.  This   is   termed  the  primary  or   retino-­geniculo-­striate  pathway  and   is   the  

major   route  of   visual   information  between   the  eye  and   the   cortex.   In  humans,   the  LGN,  

contains  six  layers  of  cell  bodies  separated  by  intralaminar  layers  of  axons  and  dendrites   

Figure   1.1   Anatomical   view   of   the   optic   chiasm.  
Optic  Nerves  converge  in  the  optic  chiasm  and  from  
there  the  optic  tracts  originate.  
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The  two  most  ventral  layers  of  the  nucleus  contain  relatively  large  cells  and  are  known  as  

the  magnocellular   layers   and   their  main   retinal   input   is   from  M   ganglion   cells.   The   four  

dorsal  layers  instead  are  known  as  parvocellular  layers  and  receive  input  from  P  ganglion  

cells.  An  individual   layer   in  the  nucleus  receives   input  from  one  eye  only:   fibers  from  the  

contralateral   nasal  

hemiretina   contact  

layers   1,   4,   and   6;;  

fibers   from   the  

ipsilateral   temporal  

hemiretina   contact  

layers   2,   3,   and   5.  

Thus,   although   one  

lateral   geniculate  

nucleus   carries  

complete   information  

about   the  

contralateral   visual  

field,   the   inputs   from  

each   eye   remain  

segregated   (Figure  

1.2).   The  

parvocellular   and  

magnocellular  layers  in  turn  project  to  separate  layers  of  the  primary  visual  cortex.    

However,  as  previously  briefly  mentioned   the  LGN   is  not   the  only  subcortical   region   that  

receives   inputs   from   the   retina.   From   the   optic   chiasm,  where   the   fibers   from  each   eye  

destined   for   the   one   or   the   other   side   of   the   brain,   are   sorted   out,   re-­bundled   and  

myelinated  together   in   the  bilateral  optic   tracts  which  project   to  2  other  major  subcortical  

areas:  the  Superior  Colliculus  (SC)  and  the  Pretectum.  This  targets  receive  also  extensive  

cortical   inputs   and   control   saccadic   eye   movements   (SC)   and   pupillary   reflexes  

(Pretectum).      

Figure  1.2.  Representaion  of  the  visual  fields  and  how  the  light  from  the  binocular  and  
monocular  zones  strike  the  retina.  Source:  Kandel  –  Pricniples  of  Neuroscience.	
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Because   of   this   complex   and   highly   organized   structure   of   the   primate   visual   system,  

damages   at   different   points   in   the   visual   pathway   result   in   predictable   deficits.   The  

overarching  concept  is  that  damages  anterior  to  the  optic  chiasm  affect  only  the  ipsilateral  

eye,  damages  at   the  chiasm  result   in  heteronymous  deficits,  whereas   lesions  behind  the  

chiasm   cause   homonymous   deficits.   At   this   point,   it   is   important   to   mention   that   visual  

defects  are  always  named  according  to  the  visual  field  loss  and  not  according  to  the  area  

of  the  retina  that  is  involved.  Because  the  retinal  image  is  inverted  and  reversed,  damages  

to  temporal  areas  cause  nasal  field  defects  and  damages  to  the  inferior  part  of  the  retina  

result  in  superior  visual  field  losses  (Figure  1.3).  Thus,  damage  to  the  Early  Visual  Areas  

or  it  post-­chiasmatic  inputs,  results  in  a  loss  of  conscious  vision  in  the  contralateral  visual  

hemifield,  termed  cortical  blindness  (CB)  (Holmes,  1918;;  Teuber,  1960;;  Weiskrantz  et  al.,  

1974;;   Cowey   and  

Stoerig,   1991,   1995).  

Damage   to   the   primary  

visual   cortex   occurs   as  

a   result   of   a   stroke   in  

the   territory   of   the  

posterior  cerebral  artery  

in   40   to   90%   of   the  

cases   (Lawton   Smith,  

1962;;   Trobe   et   al.,  

1973;;   Fujino   et   al.,  

1986;;   Zhang   et   al.,  

2006a)   and   is  

particularly   devastating  

due   to   the   fact   that   V1  

is   the   primary   gateway  

for   visual   information   to  

the   rest   of   the   higher  

visual   areas.   Patients  

with   cortical   blindness  

are   impaired   in   many  

activities  of  daily  life  such  as  reading,  navigating  environments  or  dressing  and  in  personal  

care.    

Figure   1.3.  Deficits   in   the   visual   field   produced   by   a   lesion   at   various   points   in   the  
visual   pathway.   The   resulting   deficits   are   shown   in   the   visual   field   map   as   black  
areas.  1.  Lesion  of  the  right  optic  nerve  results  in  total  loss  of  vision  in  the  right  eye;;  2.  
Lesion  of  the  optic  chiasm  causes  loss  of  vision  in  both  temporal  halves  of  each  visual  
field  (bitemporal  heamianopsia);;  3.  Lesion  of  the  optic  tract  results  in  complete  loss  of  
vision  in  the  opposite  half  of   the  visual  field  (contralateral  hemianopsia);;  4.  Lesion  of  
the  optic  radiations  in  the  Meyer’s  Loop  cause  loss  of  vision  in  the  upper  quadrant  of  
the  opposite  half  of  the  visual  field  of  both  eyes  (quadrantopsia);;  5.  Partial  lesions  of  
the   visual   cortex   lead   to   partial   field   deficits   on   the   opposite   side,   more   extensive  
lesion  of  the  visual  cortex,  including  parts  of  both  banks  of  the  calcarine  cortex,  would  
cause  a  more  extensive  loss  of  vision  in  the  contralateral  hemifield.  Source:  Kandel  –  
Principles  of  Neuroscience.  
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While   V1   damage   is   usually   followed   by   some   amount   of   spontaneous   recovery   for  

homonymous   visual   field   defects,   which   display   50-­60%   of   probability   of   spontaneous  

partial   recovery   in   the   first   months   after   the   stroke   (Zhang   et   al.,   2006b),   only   little   to  

almost  no  recovery   is  observed  after  6  moths  after   the   insult   (Zhang  et  al.,  2006b).  This  

observed  recovery   is   thought   to  be  due   to   the  resolution  of   the   inflammation  and  edema  

around  the  lesioned  area  and  subsequently  to  the  re-­activation  of  partially-­damaged  peri-­

lesional  tissue  (Sabel,  1997;;  Poggel  et  al.,  2001).    

The   exact   mechanism   underlying   visual   recovery   remains   unclear,   however   several  

hypotheses  have  been  raised.  One  possibility   is   that  visual   relearning  can  occur   through  

the   so   called   blindsight   pathway   (see   further   discussion   in   chapter   4,  Weiskrantz   et   al.,  

1974).   Another   possibility   supported   by   experimental   studies   on   non-­human   primates,  

suggests  that  residual  vision  might  also  be  supported  by  direct  projections  from  the  dorso-­

lateral   geniculate   nucleus   (dLGN)   to   extrastriate   visual   cortical   areas,   bypassing   V1  

(Hendry  and  Reid,   2000;;  Sincich  et   al.,   2004;;  Cowey  and  Stoerig,   1989).  Strengthening  

this   extra-­geniculo-­calcarine   pathways   could   account   for   training-­induced   perceptual  

recovery.    Whatever  the  case,  these  explanations  might  represent  a  reasonable  substrate  

for   the   training-­induced  visual   re-­learning  and   recovery   that  may  be  attained   in  cortically  

blind  subjects.    

 

Mechanisms Underlying Perceptual Learning  

The   available   neurophysiological   evidence   shows   that   learning   could   arise   following  

continuous   refinement  of   localized  neuronal  populations  within   low-­level  visual  areas,  as  

V1,  V2  and  V3    (Adab  et  al.,  2011;;  Fahle  2002,  Xu  et  al.,  2010,  Xu  et  al.,  2012a,  Yan  et  al.,  

2014),   but   also   from   better   read-­out   mechanisms   of   higher-­level   visual   areas   like   V4,  

middle-­temporal  visual  areas  (MT  or  V5),  V3A  (Dosher  &  Lu,  1998,  Liu  et  al.,  2010,  Lu  et  

al,   2005;;   Koyama   et   al.,   2005)   or   in   high   level   visual   areas   like   the   lateral   intraparietal  

cortex  and  the  dorsolateral  prefrontal  cortex  (Shadlen  et  al.,  1996;;  Heekeren  et  al.,  2004).  

One  hypothesis  is  that  the  visual  signals  encoded  by  early  visual  areas  are  enhanced  and  

fed  into  higher-­order  visual  areas  via  two  potential  mechanisms.  Either  training  selectively  

increases   relevant   information   carried   by   neurons   in   early   sensory   cortex   and   thus  

subsequent  readout  is  facilitated  (Yan  et  al.,  2014),  or,  alternatively,  training  makes  higher-­

order   visual  areas  better  at   reading-­out   the   relevant   sensory  signals  by   filtering  external  

noise  (Dosher  &  Lu,  1998;;  Lu  et  al.,  2005;;  Kahnt  et  al.,  2011;;  Petrov  et  al.,  2005;;  Bejjanki  
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et  al.,  2011).    

Several   (high   or   low-­level)  mechanisms  might   play   a   crucial   role   in   either   promoting   or  

preventing   learning  and,   likely   these  mechanisms  operate  synergistically  via   feedforward  

and   feedback   connections,   where   also   inter-­areal   interactions   might   be   influenced   by  

training.  For  example,  using  a  motion  detection  task,  it  has  been  shown  that  the  increase  

in  activation  in  human  MT+  secondary  to  the  training  was  concurrent  to  reduced  activity  in  

other  extrastriate  visual  areas  (Vaina  et  al.,  1998).      

One   key   mechanism   that   triggers   VPL   is   boosting   stimulus-­related   cortical   activity,  

normally  insufficient  to  reach  a  learning  threshold,  and  likely  crucial  to  promote  perceptual  

learning   (Seitz   &   Dinse,   2007)   (Figure   1.4).   For   instance,   attention   and   reinforcement  

(provided   by   reward)   (Franko   et   al.,   2006)   are   well   studied   key   factors   responsible   for  

boosting   the   stimulus-­related   activity,   and   therefore   cause   learning.   This   is   for   example  

shown  by  task-­relevant  (Fahle  et  al.,  2002;;  Fine  &  Jacobs,  2002;;  Gilbert  &  Li,  2012;;  Gold  &  

Watanabe,  2010;;  Lu  et  al.,  2011;;  Sagi  et  al.,  2011;;  Xu  et  al.  2010;;  2012a;;  2012b),   task-­

irrelevant   (Ahissar,   2001;;   Nishina   et   al.,   2007;;   Paffen   et   al.,   2008;;   Seitz   &   Watanabe,  

2005;;  Seitz  et  al.,  2005a;;  Seitz  et  al.,  2006;;  Tsushima  et  al.,  2008;;  Watanabe  et  al.,  2001;;  

Watanabe  et  al.,  2002;;  Wright  et  al.,  2010),  and  stimulus-­reward  contingency  paradigms  

(Pascucci,  Mastropasqua,  &  Turatto,  2015;;  Seitz  &  Watanabe,  2005).      

Presumably,  human  brain  has  evolved  to  optimize  behavior  in  a  multisensory  environment,  

however,   only   recently,   perceptual   learning   studies   have   focused   on   training   in  

multisensory  modality,   showing   that,   for   example,   visual   and   concurrent   auditory   stimuli  

can  lead  to  faster  and  higher  rate  of  improvement  than  in  subjects  trained  in  one  modality  

only  (Seitz  et  al.,  2006;;  Kim  et  al.,  2008).    

It  is  widely  accepted  that  synaptic  plasticity  underlies  learning  and,  the  activity-­dependent  

plasticity   resulting   from  persistent  changes   in  synaptic  connections  are   termed   long-­term  

potentiation  (LTP)  and  long-­term  depression  (LTD).  LTP,  as  already  described  in  the  early  

1970’s  by  Donald  Hebb,   and   its   complementary  LTD,  are   long-­lasting  and   input-­specific  

changes   that  can  be   induced  at  one  set  of  synapses  or  on  a  cell  without  affecting  other  

synapses.   LTP   was   originally   observed   in   vivo   in   the   hippocampus   of   anaesthetized  

rabbits   (Bliss  et   al.,   1973)   and   it   has  been   shown   to  be  N-­methyl-­D-­aspartame   (NMDA)  

dependent  (Coan  &  Collingridge,  1987;;  Chaieb  et  al.,  2015).      

LTP-­like  effects  have  been  studied  extensively  as  an   important  physiological  mechanism  

underlying  synaptic  plasticity,  both   in  animals  and  humans,   in   the  hippocampus   (Bliss  &  
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Lomo,   1973;;   Beck   et   al.,   2000),   the   somatosensory   cortex   (Fox,   2002),   temporal   lobe  

(Chen   et   al.,   1996)   and   in   visual   cortex   (Komatsu   et   al.,1981;;   Norman   et   al.,   2007;;  

Elvsåshagen   et   al.,   2012).   Interestingly,   when   the   critical   period   is   shifted   by   binocular  

deprivation,  the  occurrence  of  LTP,  that  normally  only  occurs  within  the  critical  post-­native  

period,  shifts  with  it,  so  that  the  two  are  always  co-­occurring.  Moreover,  the  total  absence  

of   visual   experience   of   dark-­reared   animals,   extends   the   critical   period   far   beyond   its  

normal   limits   (Kirkwood   et   al.,   1995).   The   first   empirical   demonstration   of   LTP   was  

provided   by   Bliss   and   Lomo   (1973).   They   induced   a   brief   high-­frequency   electrical  

stimulation   in   the   perforant   pathway  of   anesthetized   rabbits   and   they   recorded   from   the  

dentate  gyrus.  They  discovered  an  increase  of  excitatory  post-­synaptic  potentials  (EPSPs)  

over  baseline  response  that  lasted  up  to  10  hours.    

Similarly,   it   has   been   shown   that   LTP   and   LTD   can   be   induced   by   different   patterns   of  

electrical  stimulation  also  in  the  visual  system.  While  a  high-­frequency  stimulation  induces  

LTP-­like  mechanisms,  low-­frequency  stimulation  protocols  promote  LTD-­like  mechanisms  

(Bliss  &  Lomo,  1973;;  Bliss  &  Collingridge,  1993;;  Gonzalez  et  al.,  2014;;  Collingridge  et  al.,  

2010).   Electrical   stimulation   techniques   have   been   extensively   used   as   tools   to   induce  

LTP   and   LTD,   and   animal   studies   confirmed   that   when   low   frequency   (1Hz)   trains   of  

electrical  stimulation  are  delivered,  LTD  can  be  induced  in  cortical  pathways  (Kemp  et  al.,  

2004).      

To  mimic   similar   effects   in   humans,   neuromodulatory   techniques   like   tDCS,   have   been  

used  to  induce  localized  cortical  sustained  responses  similar  to  LTP-­  and  LTD-­like  effects  

(Ranieri  et  al.,  2012),  in  vitro  and  in  vivo.  NIBS  techniques  have  been  used  in  humans  to  

achieve  similar  LTP  effects,  and  potential  explanations  for  the  effects  have  been  related  to  

glutamatergic   mechanisms   for   most   tES   techniques  (Stefan   et   al.,   2004;;   Nitsche   et   al.,  

2003;;   Nitsche   et   al.,   2004;;   Liebetanz   et   al.,   2002)   and   voltage-­gated   sodium   channels  

dependent   for   tRNS   stimulation   (Chaieb   et   al.,   2015).   Interestingly,   weak   current  

stimulations   can   induce   the   release   of   brain-­derived   neurotrophic   factor   (BDNF),   a  

substance   that   promotes   NMDA—dependent   LTP   (Figurov   et   al.,   1996;;   Fritsch   et   al.,  

2010).     Taken   together   these   studies   suggest   long-­lasting   plasticity   might   be   promoted  

devising  specific   training  protocols  and,  potentially,  noninvasive  stimulation  techniques   in  

humans.    

While  it  is  important  to  determine  what  are  the  neurophysiological  mechanisms  underlying  

perceptual   learning,   recent   research   has   also   shown   that   there   are   limits.   Despite   the  
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proven  effectiveness  of  PL,  the  length  of  the  training  (many  weeks  or  months  of  up  to  four  

or  five  times  weekly)  to  obtain  significant  changes  in  sensory  functions  could  be  a  limit  to  

the  applicability  of  VPL  (Camilleri  et  al.,  2014;;  Polat  et  al.,  2004:  Tan  et  al.,  2008:  Huxlin  et  

al.,  2009).    

The  aim  of  the  first  experimental  work  in  this  thesis  is  to  show  that  NIBS  can  promote  and  

boost   training   protocols,   likely   increasing   stimulus-­related   cortical   activity,   speed  up   and  

enhance  the  effect  of  training  (Cappelletti  et  al.,  2013;;  Fertonani  et  al.,  2011;;  Mulquiney  et  
al.,  2011;;  Snowball  et  al.,  2013)  and  potentially  mimicking  LTP-­like  effects  in  humans.      

	
  
Figure  1.4.  Illustration  of  the  possible  factors  that  trigger  Perceptual  Learning  (PL).  When  a  sensory  input  is  insufficient  to  
reach  a  learning  threshold,  different  factors,  like  attention,  reinforcement  or  multi-­sensory  integration  might  play  a  role  in  
driving  the  neuronal  response  to  pass  the  learning  threshold  and  therefore  promoting  PL.    
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Non-Invasive Brain Stimulation (NIBS) Techniques  

The   main   focus   of   this   thesis   is   to   determine   whether   NIBS   can   effectively   enhance  

cognitive  functions,  and  if  the  effect  can  substantially  outlast  the  training  period.  While  we  

still  don’t  know  what  are  the  best  conditions  that  promote   improvement,  several  potential  

explanations   have   been   hypothesized   on  why   brain   stimulation   enhances   the   effects   of  

training.  One  interesting  idea  is  that  when  an  appropriate  amount  of  noise  is  injected  into  a  

biological  non-­linear  system,  like  the  brain  is,  it  can  enhance  the  detectability  of  a  signal,  a  

phenomena  known  as  stochastic  resonance  (SR)  (Moss,  Ward,  &  Sannita,  2004).  Recent  

studies   have   shown   that   this   could   be   the   case   when   using   direct   current   stimulation,  

particularly  tRNS,  the  NIBS  techniques  I  used  in  my  studies.      

The  basic  idea  is  that  cortical  activity  could  be  enhanced  with  ad-­hoc  stimulation  protocols,  

where   controlled   oscillating   frequencies,   duration   and   intensity   parameters   are   used   to  

induce   synaptic   plasticity   resulting   in   effective   perceptual   improvements.   For   example,  

neurophysiological  studies  have  shown  that  intracortical  microstimulation  (ICMS),  which  is  

a  local  application  of  high-­frequency  weak  electrical  stimulation,  can  induce  changes  in  the  

size  of  receptive  fields  of  the  visual  cortex  (Godde,  Leonhardt,  Cords,  &  Dinse,  2002).  In  

recent   years   neurohpysiological   studies   have   also   shown   that   stimulation   can   induce  

intracerebral   current   flows,   sufficiently   large   to   be   effective   in   altering   neuronal   activity  

(Schoen   et   al.,   2008),   and   behaviourally   measurable   with   psychophysical   paradigms   in  

humans   (Antal,   Nitsche,   &   Paulus,   2001;;   Fertonani,   Pirulli,   &   Miniussi,   2011).   Initially,  

studies   using   brain   stimulations   techniques   focused   mainly   on   treating   psychiatric  

disorders,  but  in  the  last  few  decades  tES  showed  to  reliably  modulate  cortical  excitability  

also   in   the  healthy  population   (Antal   et   al.,   2001;;  Nitsche  et   al.,   2003;;  Nitsche,  Nitsche,  
Paulus,  &  Paulus,  2000;;  Priori,  2003;;  Terney,  Chaieb,  Moliadze,  Antal,  &  Paulus,  2008).      

  

Non-Invasive Brain Stimulation - History 

The   idea   of   electrical   currents   application   to   modify   brain   functioning   is   not   new,   and  

already  in  the  18th  century  Luigi  Galvani  and  Alessandro  Volta  began  to  experiment  with  

electrical   stimulation  on  a   frog   sciatic   nerve-­gastrocnemius  muscle  preparation,   showing  

how  it  could  be  made  to  twitch  following  an  electrical  impulse  (Galvani  et  al.,  1973).  Soon  

after   this   first   evidence   showing   how   electricity   can   modulate   body   responses,   Volta  

created   the   first   electrical   battery   that   produced   artificial,   controllable,   constant   direct  

current.  It  was  Galvani’s  nephew,  Giovanni  Aldini,  who  employed  voltaic  cells  to  extend  his  
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uncle’s   invention   and   showed   how   a   weak   transcranial   direct-­current   could   ameliorate  

depressions-­like  symptoms  (Aldini,  1974).  This  was  the  first  pioneer  clinical  application  of  

direct  current,  paving   the  way   for   the  use  of   tES  as  clinical  and  research   tool.  Research  

with   low-­intensity   DC   was   progressively   abandoned   in   the   ‘30s   and   replaced   with  

Electroconvulsive  Therapy  (ECT).  Only  by  the  end  of  the  50s,   low  intensity  direct-­current  

stimulation   regained   some   popularity   with   the   first-­study   of   “cranial   electrotherapy  

stimulation”  published  by  Anan’ev  and  colleagues  (1957).  Later,  an   influential  paper  was  

published   showing   that   direct   current   stimulation   could   slow   down   or   boost   memory  

retention   in   rats,   in   a   polarity   dependent   manner   (Albert,   1966),   showing   the  

neuromodulatory  properties  of  tES.  tES  can  modulate  the  membrane  potential  of  neurons  

and   affect   the   spontaneous   firing   rate,   but   it   cannot   induce   direct   discharge   of   resting  

neurons.      

The   goal   of   the   following   section   is   to   summarize   and   provide   an   introduction   to   the  

different  neuromodulation  and  neurostimulation   techniques  used   in   this  study.   I  will   then  

provide  a  short  description  and  I  will  briefly  review  the  available  and  relevant  work  in  the  

field.   This   sections   are   not   intended   as   comprehensive   review   of   the   tES   literature,  

excellent  reviews  are  already  available  (Paulus  et  al.,  2011).    

  

Transcranial Direct Current Stimulation (tDCS) 

tDCS  consists  of  the  application  of  a  weak  constant  current  (DC)  delivered  via  two  saline  

soaked  electrodes,  an  anode  and  a  cathode,  held  in  place  on  the  scalp  of  the  subject  by  a  

cap   and   a   nonconductive   rubber   montage.   The   current   is   typically   applied   via   rubber  

electrodes  that  vary  in  size  from  25  to  35  cm2.  tDCS  is  usually  applied  for  5  and  up  to  30  

mins  with  intensities  varying  between  1-­2mA.      

With  tDCS  the  active  electrode  is  positioned  above  the  cortical  region  of  interest,  whereas  

the   return  electrode   is   usually   placed  over   an   inactive  or   task-­irrelevant   region  or   extra-­

cephalic.   Although   low   current   intensity   (0.5mA   to   2mA)   and   the   shunting   effect   of   the  

scalp,   studies  showed   that   the  current   that  enters   the  brain   is   sufficient   to  modulate   the  

membrane  permeability  and  therefore  the  neuronal  potential  (Datta  et  al.,  2009;;  Miranda  et  

al.,  2006;;  Salvador  et  al.,  2010).    

tDCS  is  thought  to  interfere  with  the  spontaneous  neural  activity  by  influencing  the  level  of  

excitability   and   firing   rate   of   the   neurons   by   depolarizing   or   hyperpolarizing   the  

permeability  of  the  neuronal  membrane.  Therefore,  like  pharmacological  neuromodulators,  



	
   19	
  

tDCS  induces  a  shift  of  the  spontaneous  firing  rate  of  the  neurons  that  are  near  their  action  

potential  threshold,  but  do  not  induce  direct  neuronal  firing  (Fritsch  et  al.,  2010).    

In  general,  anodal  stimulation  exerts  excitatory,  while  cathodal  inhibitory  effects,  however  

this   is  not  always   the  case  when   tDCS   is  used   in  studies  not   involving   the  motor  cortex  

(Datta  et  al.,  2011;;  Radman  et  al.,  2009;;  Reato  et  al.,  2013).      

Although   there   is   a   general   consensus   that   DC   stimulation  modulates   the   corticospinal  

excitability,  it  is  controversial  if  the  changes  are  due  to  direct  alteration  of  the  membrane,  

synaptic  transmission  or  any  other  molecular  effects.  The  observed  long-­term  effects  seem  

to   be   mediated   by   the   activation   of   N-­methyl-­d-­aspartate   (NMDA)   channels,   as  

demonstrated  by  several  works  where  the  effect  of  tDCS  stimulation  could  be  prolonged  or  

inverted  by   administering  NMDA  agonist   or   antagonists   (Chaieb  et   al.,   2015;;   Liebetanz,  

Nitsche,  Tergau,  &  Paulus,  2002;;  Nitsche  et  al.,  2003;;  Nitsche  et  al.,  2004).    

Although   several   studies   have   shown   that   tDCS   can   improve   perceptual   and   cognitive  

abilities  (Fertonani  et  al.,  2010;;  Monti  et  al.,  2008;;  Pisoni  et  al.,  2012;;  Floel  et  al.,  2008),  

memory  (Andrews  et  al.,  2011;;  Berryhill  et  al.,  2010;;Fregni  et  al.,  2005;;  Javadi  et  al.,  2013)  

and   attention   (Antal   et   al.,   2004;;   Bolognini   et   al.,   2010;;   Roe   et   al.,   2016;;   Fregni   et   al.  

2005),   recent   meta-­analysis   have   raised   concerns   about   the   effectiveness   of   tDCS,  

arguing   that   a   single-­session   tDCS  generates   little   or   no   reliable   effects   (Horvath   et   al.,  

2015).          

	
  

  

Figure   1.5.   In   tDCS   the   current   delivered   is  
direct   and  monopolar.  At   the   beginning  and  at  
the   end   of   the   stimulation,   the   current   is  
gradually   increased/decreased   (Fade-­In/Fade-­
Out   Phases).   From   single   neurons  
registrations,  we  know  that   the  application  of  a  
current   can   either   depolarize,   following   anodal  
stimulation,   or   hyper-­polarize,   following  
cathodal   stimulation,   the   neuronal   membrane  
potential  (Gartside,  1968).  
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Transcranial Random Noise Stimulation (tRNS) 

tRNS  is  a  very  recently  developed  direct  current  stimulation  technique.  It  is  characterized  

by  the  delivery  of  alternating  current  at  randomly  oscillating  frequencies  in  the  range  of  0.1  

Hz  up  to  640  Hz,  typically  isolated  to  either  low  (0.1  to  100  Hz)  or  high  frequency  (101  to  

640   Hz)   bandwidths,   for   an   extended   period   of   time   (on   average   20  minutes).   tRNS   is  

believed  to  interfere  with,  and  therefore  modulate,  ongoing  cortical  oscillations  in  the  brain,  

resulting   in   increased   cortical   excitability   and   behavioral   changes.   For   example,   tRNS  

decreases  motor   thresholds   (Terney   et   al.,   2008),  modulates   visual   perception   (van   der  

Groen  and  Wenderoth,  2016),  and  promotes  perceptual  learning  when  delivered  over  the  

visual  (Camilleri  et  al.,  2016,  2014;;  Fertonani  et  al.,  2011),  the  parietal  and  the  dorsolateral  

prefrontal  cortex  of  healthy  young  and  elderly  subjects  (Cappelletti  et  al.,  2013;;  Dormal  et  

al.,  2016;;  Lecce  et  al.,  2015;;  Snowball  et  al.,  2013).      

The   delivery   of   current   during   tRNS   is   not   as   focal,   thus   it   will   modulate   the   neuronal  

activity  not  only  of  those  neurons  directly  under  the  electrodes,  but  also  the  entire  network  

(Fertonani   et   al.,   2011;;   Schoen   and   Fromherz,   2008).   tRNS   potentially   injects   random  

activity   in   the   system,   which   the   brain   interprets   as   noise   and   uses   it   for   information  

processing  (the  so  called  stochastic   resonance  phenomenon;;  Moss  et  al.,  2004;;  van  der  

Groen   and  Wenderoth,   2016).   The   injected   noise   will   primarily   affect   the   neurons   of   a  

network  that  are  near  their  firing  threshold,  therefore  the  neurons  that  are  functional  for  the  

execution   of   a   specific   cognitive   process,   but   not   neurons   that   are   far   below   their  

discharge   threshold   (Miniussi   and  Ruzzoli,   2013).  Whereas   other   forms   of   tES   increase  

cortical   excitability   in   normal   subjects   (Antal   et   al.,   2014;;   Ding   et   al.,   2016)   and   can  

enhance  behavioral  training  (Richmond  et  al.,  2014),  only  tRNS  has  been  shown  to  exert  

enhancing  effects  that  can  last  up  to  16  weeks  post-­training,  a  strong  marker  of  long  term  

potentiation  of  cognitive  functions.      

Terney   and   colleagues   showed   for   the   first   time   the   potential   effect   of   tRNS  on   cortical  

excitability  (Terney   et   al.,   2008).     They   showed   that   10   minutes   of   a   weak   random  

electrical  stimulation  in  the  high-­frequency  band  (101  -­  640  Hz)  targeting  the  motor  cortex  

(M1)  was  sufficient   to  significantly  alter   the  cortical  excitability  up  to  60  minutes  after   the  

end   of   the   stimulation.   Specifically,   they   delivered   10   minutes   of   stimulation   over   the  

primary  motor  cortex,  and  induced  an  excitability   increase  (higher  amplitude  of  the  motor  

evoked  potentials   –  MEP)   up   to   20-­50%   relative   to   baseline,   as   revealed  by   single   and  

paired-­pulse   TMS.   A   following   study   extended   this   results   by   demonstrating   that   even  
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shorter  duration  stimulation  protocols  of  5  minutes  of  tRNS  can  already  induce  significant  

after-­effects  on  corticospinal  excitability  (Chaieb  et  al.,  2011).  To  conclude,  tRNS  seems  to  

be   the   ideal   tool   to   potentiate   cortical   plasticity   (Grenier   et   al.,   2001),   particularly   when  
used  on  the  visual  cortex.    

  

tRNS and Visual Perceptual Learning 

tRNS  has   been   used   for   visual   perceptual   studies   only   in   recent   years   (Camilleri   et   al.,  

2014,   Campana   et   al.,   2014;;   Fertonani   et   al.,   2011;;   Pirulli   et   al.,   2013).   In   particular,  

Fertonani   and   colleagues   demonstrated   that   high   frequency   tRNS   can   significantly  

improve  learning  on  an  orientation  discrimination  task  when  compared  to  tDCS,  sham,  and  

low-­frequency  tRNS  (Fertonani  et  al.,  2011).  The  authors  went   further  and   in  a   follow-­up  

study  replicated  this  facilitatory  effect  when  the  stimulation  was  delivered  online  (while  the  

subjects  were  training  on  the  task).    

Following   studies   showed   that   subjects   with   mild   uncorrected   myopia   obtained   a  

significant   improvement   in   visual   acuity   and   contrast   sensitivity   when   the   training   was  

coupled   with   hf-­tRNS   (Campana   et   al.,   2016).   Interestingly,   tRNS   concurrent   with   a   2-­

weeks  training  protocol,  yield  the  same  outcome  on  uncorrected  visual  acuity,  and  a  better  

outcome   on   uncorrected   contrast   sensitivity,   as   a   two   months   training   protocol   only  

(Camilleri  et  al.,  2014).      

These  aforementioned  works  suggest  that  hf-­tRNS  exerts  its  optimal  effects  when  applied  

online  (i.e.  during  the  task),  and  the  effect   is  weaker  when  applied  offline  (i.e.  before  the  

task).   The   beneficial   effect   of   tRNS   on   visual   perceptual   learning   makes   it   the   ideal  

protocol  to  further  study  cortical  plasticity  and  its  future  applicability.     

	
  
Figure   1.6.   tRNS   involves   the   application   of  
alternating   currents   in   a   range   of   frequencies,  
typically   between   0   and   100Hz   for   Low-­Frequency  
tRNS   (Lf-­tRNS),   between   101   and   640Hz   for   High-­
Frequency   tRNS   (Hf-­tRNS)   or   in   the   full   spectrum  
band   between   0   and   640   Hz   (tRNS).   Due   to   its  
oscillatory   nature,   rather   than   direct   current,   it   has  
been   proposed   that   tRNS   is   polarity-­independent,  
hence   no   longer   sensitive   to   the   current   flow  
direction.   tRNS   likely   exerts   it   effects   thought  
repeated   random   sub   threshold   stimulation   and  
temporal   summation   of   neuronal   activity   due   to  
stimuli   presented   in   close   sequence   resulting   in  
prolonged  depolarization  and   long   term  potentiation-­
like  phenomena  (Fertonani  et  al.,  2011;;  Terney  et  al.,  
2008;;  Pirulli  et  al.,  2013).  
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Chapter 2: Prime and measure 

 Transcranial Random Noise Stimulation 
Modulates Cortical Excitability of the Visual 

Cortex 

 
Abstract	
  
tRNS   can   induce   long   term   increases   of   corticospinal   excitability   (Terney   et   al.,   2008),  

when   used   to   prime   the   motor   cortex   before   measuring   motor   evoked   potentials.   The  

effect   is  sustained  and  long  lasting.  Moreover,  tRNS  has  been  used  to  improve  cognitive  

functions  such  as  attention  and  mathematical  skills,  potentially  suggesting  an   interesting  

effect   upon   cortical   plasticity.   However,   it   is   unclear   whether   tRNS   over   visuo-­parietal  

areas  causes  changes  in  excitability  that  are  similar  to  what  has  been  found  in  the  motor  

cortex.  In  the  present  study,  the  aim  was  to  investigate  whether  priming  the  visual  cortex  

with  tRNS  leads  to   increases  in  excitability  similar  to  the  motor  cortex,  as  measured  with  

visual   phosphenes.   In   Experiment   1,   to   quantify   the   magnitude   of   cortical   excitability  

changes,  we  measured  phosphene  threshold  using  an  objective  staircase  method.    Single-­

pulse  TMS  was  used  to  elicit  phosphenes  before,  immediately  after,  and  every  10  minutes  

up  to  1  hour  after  the  end  of  20min  tRNS  or  Sham.  In  Experiment  2,  subjects  underwent  

the   same   procedure,   but   were   tested   up   to   2   hours   post-­tRNS.   Results   showed   that  

phosphenes’  threshold  was  significantly  reduced  up  to  90  minutes’  post  stimulation  relative  

to  sham,  hence  demonstrating  that  tRNS  can  increase  the  excitability  of  the  visual  cortex,  

and  the  effect  is  sustained  and  long  lasting.    
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Introduction 
The   traditional   tES   techniques,   such  as   cathodal   or   anodal   tDCS,   can  modulate   cortical  

excitability  of  the  motor  cortex  (M1)  in  humans  (Baudewig  et  al.,  2001;;  Nitsche  et  al.,  2007;;  

Nitsche  et   al.,   2000;;  Nitsche  et   al.,   2003).   In  order   to   study   the  mechanisms  underlying  

tDCS,  Nitsche  and  colleagues  applied  5  Minutes   tDCS  over   the  motor   cortex  of   healthy  

subjects,  and  motor  evoked  potentials  (MEP)  were  measured  with  TMS,  before  and  after  

stimulation.   The   results   showed   that   MEPs   amplitude   increased   40%   when   anodal  

stimulation  was  applied  over  M1,  and  this  increase  lasted  for  10  minutes  after  the  end  of  

the  stimulation  (Nitsche  et  al.,  2000).  

Following   this  work,   Antal   and   colleagues   demonstrated   that   the   neuronal   excitability   of  

the  visual  cortex  can  be  modulated  in  a  similar  polarity-­dependent  manner.  Subjects  were  

primed   with   10   minutes   anodal   tDCS   and   phosphene   thresholds   (PT)   were   measured  

before,  immediately  after,  10  and  20  minutes  after  the  offset  of  the  stimulation,  using  short-­

trains  of  5Hz   rTMS.  Results   showed  a  significant   reduction  of  PT   threshold   immediately  

after  anodal  stimulation  (Antal  et  al.,  2003b).  

Other   subsequent   studies   have   shown   that   tDCS   can  modulate   the   amplitude   of   visual  

evoked   potentials   (VEP’s)   (Antal,   Kincses,   Nitsche,   Bartfai,   &   Paulus,   2004),   alter   the  

perception  of  phosphenes  (Antal  et  al.,  2003a,  2003b),  affect  motion  detection  (Antal  et  al.,  

2004)  and  reduce  the  duration  of  the  motion  after-­effect  (Antal  et  al.,  2004).    

More  recently  tDCS  has  also  been  used  to  study  higher  cognitive  functions  such  attention  

(Gladwin  et  al.,  2012),  working  memory  (Berryhill,  Wencil,  Branch  Coslett,  &  Olson,  2010;;  

Fregni  et  al.,  2005),  long  term  memory  (Rroji  et  al.,  2015),  learning  (Reis  et  al.,  2009),  and  

also  as  a  rehabilitation  tool  for  patients  with  brain  lesions  (Fiori  et  al.,  2011;;  Jo  et  al.,  2009;;  

Kang  et  al.,  2009).    

However,  recent  systematic  reviews  have  raised  doubts  about  the  effectiveness  of  tDCS,  

arguing   that   single-­session   tDCS   generates   little   to   no   reliable   effects   beyond   MEP  

amplitudes  changes  (Horvath,  Forte,  &  Carter,  2015).  The  authors  suggest  that  it  is  crucial  

to   further   investigate   the  effects  of   tES,  and  especially   to  address   the  question  of  how   it  

affects  other  areas  of  the  cortex,  besides  M1.  In  the  majority  of  published  tES  studies,  the  

effects  found  on  M1  are  used  as  a  model  system  to  design  stimulation  protocols  for  other  

areas.   However,   it   is   well   known   that   different   areas   have   different   anatomical  

characteristics,   from   skull   morphology   to   axons   orientation,   hence   leading   to   different  
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current  flow  distribution  in  the  brain  and  to  potentially  different  behavioral  outcomes  (Datta,  

Baker,  Bikson,  &  Fridriksson,  2011;;  Radman,  Ramos,  Brumberg,  &  Bikson,  2009).  

In   fact,   in  recent  years,   tDCS  studies  have  revealed  the  complexity  of   the  technique  and  

the   non-­linearity   of   the   induced   effects   (Batsikadze   et   al.,   2013;;   Fricke   et   al.,   2011;;  

Moliadze  et  al.,  2012;;  Pirulli  et  al.,  2014).  Diverging  effects  have  been  reported  also  in  the  

domain  of  visual  perceptual  learning  (VPL)  where  studies  showed  functional  improvements  

also   following   cathodal   tDCS,   classically   considered   an   inhibitory   technique   (Berryhill   et  

al.,  2010;;  Dockery  et  al.,  2009;;  Elmer  et  al.,  2009;;  Williams  et  al.,  2010).  More   recently,  

Peters  and  colleagues  showed  that  anodal  tDCS  can  block  consolidation  of   learning  in  a  

contrast  detection  task  (Peters,  Thompson,  Merabet,  Wu,  &  Shams,  2013).  Taken  together  

the  above   results  show   that   tDCS  stimulation  effects  are  not  always  straightforward  and  

easy   to   interpret,   and   that   applying   the   simplistic   idea   of   anodal   stimulation   resulting   in  

excitation   and   cathodal   in   inhibition,   does   not   always   lead   to   the   expected  

neurophysiological  or  behavioral  results.  

The   most   recently   developed   technique   among   tES   methods   is   tRNS.   It   is   thought   to  

interfere   with   noise   processing   and   ongoing   neuronal   oscillations   in   the   brain,   and  

therefore  modulate   neuronal   excitability.   Terney   and   colleagues   (2008)   showed   that   10  

minutes  of  weak  random  electrical  stimulation  within   the  high-­frequency  band  (101  -­  640  

Hz)   targeting  the  motor  cortex  (M1)  was  sufficient   to  significantly  alter  cortical  excitability  

up   to   60  minutes   after   the   end   of   the   stimulation.   Specifically,   they   showed   that   10min  

tRNS   over   the   primary  motor   cortex,   induced   an   excitability   increase   up   to   20-­50%,   as  

subsequently   measured   in   MEPs’   amplitudes,   as   revealed   by   single   and   paired-­pulse  

TMS.  A  following  study  extended  these  results  by  demonstrating  that  even  shorter  duration  

stimulation   protocols   (5   minutes   tRNS)   can   induce   significant   after-­effects   on   the  
corticospinal  excitability  (Chaieb,  Paulus,  &  Antal,  2011).  

Since   motor   learning   is   always   associated   with   enhancement   of   M1   corticospinal  

excitability   (Pascual-­Leone   et   al.   1999;;  Muellbacher   et   al.,   2002;;   Sczesny-­Kaiser   et   al.,  

2016),  and  evidence  from  recent  studies  suggest  a  link  between  tES  induced  corticospinal  

excitability  and  skill  learning  (Boggio  et  al.,  2006;;  Galea  &  Celnik,  2009;;  Reis  et  al.,  2009),  

it  is  crucial  to  investigate  further  the  relationship  between  these  two  parameters.    

The  work  presented   in   the  previous  chapter  showed   that  VPL  coupled  with  online   tRNS  

boosted  learning  of  complex  visual  motion  and  crucially,  the  improvements  peaked  earlier  

than   in  all  other  conditions,  and   it  was  sustained   in   time.  However,   it   is  still  unclear  how  
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different   types   of   tES   influence   the   activity   of   different   cortical   areas,   and   whether  

stimulation   with   tRNS   over   other   brain   areas,   besides   M1,   cause   similar   changes   in  

cortical  excitability.    

Here,  to  investigate  the  modulatory  effect  of  tES,  we  focused  on  the  influence  of  tRNS  and  

anodal  tDCS  (a-­tDCS)  on  cortical  excitability  of  the  primary  visual  cortex  of  healthy  adults.  

To   quantify   the   effect   of   tRNS   and   a-­tDCS,   we   measured   phosphenes   threshold   at  

different   time   intervals,   after   we   primed   the   visual   cortex   with   either   techniques,   in  

separate   experiments.   In   the   first   Experiment,   12   participants   received   High-­Frequency  

tRNS   (Hf-­tRNS)   for   20   minutes.   Phosphene   threshold   (PT)   was  measured   immediately  

after  and  up  to  60  minutes  after  the  end  of  stimulation.  In  the  second  Experiment,  a  group  

of  8  participants  underwent  the  same  procedure  with  the  exception  that  PT  was  measured  

up  to  120  minutes’  post-­stimulation.  In  Experiment  3  we  measured  PT  of  a  control  group  of  
12  participants  after  20  minutes  of  anodal  tDCS.    

  

Materials and Methods 
Baseline  Phosphene  Threshold  

Participants   were   sitting   in   a   semi-­darkened   room,   positioned   on   a   chin-­rest   forehead  

combination  bar   to   stabilize   their   head  while  blindfolded.  They  were  allowed   to  adapt   to  

darkness  for  at  least  2  minutes.  During  a  first  preliminary  session  a  manual  estimation  of  

the  resting  motor  threshold  (RMT)  was  registered.  RMT  was  defined  as  the  minimal  output  

of  the  stimulator  that  induced  a  visible  movements  of  the  fingers  of  the  relaxed  hand  in  at  

least   three   out   of   five   times.   Once   resting   motor   threshold   was   recorded,   a   baseline  

estimation   of   the   PT   was   registered.   Subjects   were   instructed   to   keep   fixation   on   an  

imaginary   central   fixation   cross,   directly   in   front   of   them   and   report   the   presence   or  

absence   of   a   phosphene.   Initially   the   TMS   coil   was   positioned  with   the   handle   pointing  

leftward  parallel  to  the  ground  with  the  center  placed  2  cm  above  the  inion  and  2  cm  to  the  

left/right   based   on   the   10-­20   electroencephalogram   standard  measures.  We   started   the  

stimulation  with  an  intensity  equal  to  the  RMT  previously  obtained  for  each  subject,  and  we  

increased  it   in  step  of  1%  while  moving  the  coil   in  steps  of  0.5  cm.  Once  the  TMS  pulse  

evoked  a  bright  reliable  phosphene,  the  spot  was  marked  on  a  swimming  cap  worn  by  the  

subject.  After  an  interval  of  5  minutes,  the  participant  was  stimulated  again  on  the  marked  

spot,   and   if   this   stimulation   induced  a   reliable  phosphene,   the  point  was  marked  on   the  

cap.  
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Once   the   hotspot  was   identified,   the  REPT   (Rapid  Estimation   of   Phosphene  Threshold,  

(Abrahamyan   et   al.,   2011)   procedure   was   used   to   determine   individual   PT   more  

systematically.  Participants  were  instructed  to  respond  to  the  presence  or  absence  of  the  

phosphene   by   pressing   the   left   or   right   “shift”   key   on   the   computer   keyboard   after   the  

automatically   triggered   single-­pulse   TMS   stimulation   (with   at   least   3   seconds   interval  

between  each  stimulation).  REPT  is  a  procedure  that  employs  Bayesian  adaptive  staircase  

protocol   for   estimating   psychophysical   thresholds   which   showed   to   be   more   accurate,  

reliable  and  faster  relative  to  other  procedure  (Modified  Binary  Search  Algorithm,  MOBS,  

Tyrrell   &   Owens,   1988)   (see   Abrahamyan   et   al.,   2011).   For   each   participant   at   least   2  
REPT  were  collected  during  the  preliminary  session  to  assess  for  PT  stability.    

  

Phosphene  Detection  Task  

Based  on  the  coordinates  form  the  preliminary  session,  participants  were  stimulated  with  

single-­pulse  TMS  over  the  same  position  and  at  the  machine  output  intensity  used  during  

the   2   preliminary   REPT   sessions.   Once   the   stimulation   site   was   determined,   subjects  

underwent   2   REPT   sessions   prior   to   the   onset   of   the   stimulation,   to   determine   their  

baseline.  Subsequently,  participants  sat  quietly  on  a  chair  while  being  stimulated  with  Hf-­

tRNS  or  sham,  depending  on  the  session,  for  20  minutes.  After  the  end  of  the  stimulation  7  

REPT  measurements  were   recorded  every  10  minutes   immediately  after  and  up   to  one-­

hour  post  stimulation.      

In   Experiment   2,   the   experimental   procedure   remained   the   same   as   in   Experiment   1  

except  that  REPT  were  recorded  every  10  minutes  up  to  one  hour,  every  30  minutes  from  

60   minutes   after   the   end   of   the   stimulation,   and   up   to   2   hours   after   stimulation.   For  

Experiment  3  the  same  experimental  procedure  as  for  experiment  1  was  used  except  that  

subjects  received  a-­tDCS  (instead  of  tRNS).  
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Figure  2.1.  Subjects  were  asked  to  report  whether  they  perceived  a  Phosphene  immediately  after  he  delivery  of  a  single  

pulse   TMS.   Subjects   were   seated   in   a   semi-­darkened   room   with   their   head   positioned   on   a   chin-­forehead-­rest  

combination  bar   to  stabilize  and  minimize  head  movements  while  being  stimulated.  Subjects  were  allowed   to  adapt   to  

darkness  and  were  tested  while  blindfolded.  Phosphene  Threshold  (PT)  was  measured  using  REPT  method.    

  

Data  Analysis:  

For   each   subject   two   baseline   measurements   were   obtained   on   separate   days.   A   first  

baseline  was  registered  during  the  preliminary  session,  and  it  was  obtained  by  averaging  

the   two   REPT   sessions.   For   REPT,   the   estimated   PT   corresponds   to   the   position  

parameter  of  a  Weibull  function  fitted  to  the  proportion  of  the  phosphene  responses  which,  

after   a   correction   to   account   for   lapses   on   4%   of   the   trails,   converge   to   a   value  
corresponding  to  60%  accuracy  (see  Abrahamyan  et  al.,  2011).  

The  second  baseline  was  obtained  on  a  separate  day,  prior  to  the  onset  of  the  stimulation,  

and   it   was   calculated   as   the   average   of   the   2   REPT   based   on   the   stimulator’s   output  

intensity.     To  have  an   indication  of  how  stable  the  phosphene  threshold  was  at  baseline,  

we  calculated  the  percent  difference  between  the  2  baselines  as  follows:  ((REPTBaseline2  
-­  REPTBaseline1)  -­  REPTBaseline1)*100.  

To  estimate  the  variation  of  PT  after  stimulation,  each  REPT  measurement  was  compared  

to   the   first   baseline   threshold   collected   before   the   onset   of   the   stimulation   on   the   same  
day,  calculated  as  follows:  ((REPTPostX  -­  REPTPre1)  -­  REPTPre1)*100.  

The  normality  of  sampling  distribution  was  addressed  using  Shapiro-­Wilk  test.  Equality  of  

variance  was  tested  using  Levene’s   test.  The  effect  sizes  are  reported  as   the  partial  Eta  

square   (ηp²)   values   and   Cohen’s   D.   The   alpha   level   was   α   =   0.05   and   Multiple  
comparisons  were  corrected  using  Bonferroni  method.    
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Experiment 1 

Participants  

A  total  of  18  healthy  participants  gave  written  informed  consent  to  participate  in  the  study  

(Mean  Age  =  22.9,  Females  =  11).  All  subjects  were  right-­handed,  neurologically  healthy  

and  completed  a  safety  questionnaire  screening  for  TMS  (Keel  et  al.,  2000).  We  recruited  

18   subjects,   but   only   12   were   able   to   reliably   detect   phosphenes   and   were   therefore  

included   in   the   study.   The   order   of   stimulation   was   randomized,   with   at   least   48   hours  

between  stimulation  condition  (sham  or  active)  to  prevent  carry  over  effects.    

  

Experimental  Procedure  

The   experiment   was   conducted   using   a   within-­subjects   design.   On   day   1,   individual  

baseline   measurements   of   PT   was   recorded.   On   a   separate   day,   PT   baseline   were  

recorded  again  for  each  subject.  On  the  same  day  subjects  received  20  minutes  of  either  

Hf-­tRNS   or   sham   stimulation   delivered   offline   (subject   at   rest).   After   the   end   of   the  

stimulation   the  electrodes  were   removed  and  PTs  were   recorded  every  10  and  up   to  60  

minutes  after  the  end  of  the  stimulation.  On  a  separate  day,  subjects  underwent  the  same  

experimental   procedure   but  with   reversed   stimulation   protocols.  Subjects  were   asked   to  

describe  the  shape,  color,  and  position  of  phosphenes  after  every  REPT  session.  

  

Stimulation  Protocol  

High-­frequency   tRNS   (Hf-­tRNS)   was   delivered   by   a   battery   driven   stimulator   (DC-­

Stimulator-­Plus,  NeuroConn  GmbH,   Ilmenau,  Germany)   through  a  pair  of  35  cm2  saline-­

soaked   rubber   electrodes.   The   electrodes   were   placed   over   the   cortical   target   area  

identified  following  the  10-­20  electroencephalogram  standard  system  and  subjects  wore  a  

Lycra  swimmer’s  cap  on  which  the  hotspots  were  marked.  The  electrodes  were  positioned  

over  early  visual  areas  bilaterally  identified  as  O1/PO7  and  O2/PO,  and  they  were  kept  in  
position  with  an  elastic  band.    

Hf-­tRNS   was   applied   for   20   minutes   with   an   intensity   of   1mA   and   with   0mA   offset   at  

frequencies  of  alternating  current  between  101  and  640  Hz.  Stimulation  started  and  ended  

with  a  fade-­in/fade-­out  ramping  of  15  seconds.  Sham  stimulation  consisted  of  the  fade/in-­

fade/out  ramp  of  5  seconds,  after  which  stimulation  was  shut  down.  Subjects  were  blinded  

to  the  stimulation  condition  assigned.      
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At  the  end  of  each  stimulation  session,  participants  were  asked  to  fill  out  a  questionnaire  

about   potential   discomforts   experienced   during   stimulation.   None   of   the   participants  

reported  any  unpleasant  sensation  or  side  effect  due  to  the  stimulation,  neither  during  nor  

after  the  end  of  the  session.    None  of  the  participants  experienced  phosphenes  induced  by  
the  stimulation.  

TMS  pulses  were  delivered  by  a  Magstim  Rapid  2  Stimulator  (Magstim  Co.,  UK)  using  a  

70-­mm   figure-­of-­eight   coil.   To  aid  brain-­site   localization   the   coil  was  positioned  over   the  
previously  marked  hotspot  where  phosphenes  were  reliably  reported.    

  

  
Figure   2.2.   A.   Participants   received   either   Hf-­tRNS   (Experiment   1   and   Experiment   2)   or   a-­tDCS   (Experiment   3)   and  

Sham   stimulation   (Experiment   1   and   Experiment   3)   over   the   early   visual   areas   stimulation.   B.   During   a   preliminary  

Session,   starting  with   the  TMS  coil   positioned  with   the  handle  pointing   leftward  parallel   to   the  ground  with   the   center  

placed  2  cm  above   inion  and  2  cm   to   the   left/right  based  on   the  10-­20  electroencephalogram  standard  measures,  we  

looked  for  the  location  where  a  TMS  pulse  evoked  a  bright  reliable  phosphene.  Once  the  hotspot  was  marked,  manual  

Phosphene  Threshold  (PT)  was  determined.  Subsequently  at  least  2  REPT  were  collected  to  asses  how  stable  PTs  are.    

On  a  separate  day  (Pre-­Stimulation),  2  more  REPT  were  collected.    Subjects  sat  on  a  chair  at  rest  while  being  stimulated  

with  Hf-­tRNS  or  Sham  stimulation  for  20  minutes.  After  the  end  of  the  stimulation  7  REPT  measurements  were  recorded  

every  10  minutes  up   to  one  hour  after   the  end  of   the  stimulation   (Experiment  1  and  Experiment  3)  and  every  30  min  

minutes  up  to  120  minutes  after  the  end  of  the  stimulation  (Experiment  2).      

  

Results 
Figure  2.3  reports  the  average  results  for  all  subjects  across  the  two  conditions.  Hf-­tRNS  

significantly   lowered  PT  threshold   for  an  extended  period  of   time.  We  first  measured   the  

difference  between  the  two  pre-­stimulation  baseline  thresholds  by  calculating  the  percent  
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difference  and   then  performed  a  one-­sample   t-­test.  We   found   that   tRNS  (M  =   .22,  SD  =  

6.11,   t11  =   .12,  p  =   .91)  and  sham   (M  =  1.63,  SD  =8.5,   t11  =   .67,  p  =   .52)  did  not  differ  

significantly.    

Repeated-­measure   General   Linear   Model   (GLM)   {Condition   (tRNS   vs   Sham)   X   Time  

(baseline,   at   time   0,   10,   20,   30,   40,   50,   60   minutes   after   the   end   of   the   stimulation)}  
revealed  a  main  effect  of  stimulation  (F1,11  =  24.23,  p  =  .00046,  ηp²  =  .688).  

Mauchly’s  test   indicated  that  the  assumption  of  sphericity  had  been  violated  for  the  main  

effect   of   time,   X²   (20)   =   34.38,   p   =   .031,   therefore   degrees   of   freedom  were   corrected  

using   Greenhouse–Geisser   estimates   of   sphericity   (equal   to   .49   for   the   main   effect   of  

time).   There   was   no   significant   effect   of   time   (F2.95,   32.46   =   1.93,   p   =   .144),   and   no  

interaction  ([Condition  X  Time]  F  (6,  66)  =  .94,  p  =  .47).    

Post-­hoc  analysis   indicated   that  PT  significantly   decreased   immediately   after   the  end  of  

stimulation  (t22  =  -­5.002,  p  <  .001,  r  =  0.73,  d  =  1.893)  and  up  to  60  minutes’  post  offset  (t22  
=  -­4.7521,  p  <  .001,  r  =  0.694,  d  =  1.554).  

  
Figure   2.3.   Results   showing   the   effect   of   20   minutes   of   Hf-­tRNS   on   cortical   excitability.      The   timecourse   shows   a  

significant  decrease  in  Phosphene  Threshold,  indicating  early  visual  areas  excitability  changes,  immediately  after  and  up  

to  60  minutes  after   the  end  of  Hf-­tRNS   (blue   line)   compared   to  Sham  stimulation   (green   line).  The  single   time  points  

show  the  mean  group  PT.  Error  bars  are  represented  as  SEM.  Asterisks  indicate  significant  difference  of  PT  between  the  

two  groups.      
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Discussion 
Results  of  Experiment  1  indicate  that  a  single  session  of  20  minutes  Hf-­tRNS  can  increase  

the  excitability  of  the  primary  visual  areas,  as  shown  by  a  significant  decrease  in  PT  that  

lasts  up  to  1  hour  after  the  end  of  the  stimulation.  On  the  contrary,  PT  increased  over  time  

following  sham  stimulation.  Although  this  opposite  trend  begs  further  questions,  it  must  be  

noted   that   the  difference   in  magnitude  between  PT   in   the   two  conditions   following   tRNS  

and   sham   remains   stable   and   constant   across   all   intervals   we   measured.   This   might  

indicate  that  over  time,  there  could  be  a  physiological  decrease  of  cortical  excitability  that  

affects  both  conditions  (active  and  sham)  in  the  same  manner.      

We   could   speculate   that   this   decrease   of   cortical   excitability   could   be   due   to   fatigue.  

Recent   works   have   shown   that   the   production   of   endocrine   markers   (melatonin   and  

cortisol)  due  to  wakefulness  and  tiredness  strongly  influences  cortical  excitability  (Huber  et  

al.,  2013;;  Ly  et  al.,  2016;;  Yildirim  et  al.,  2013).  Interestingly,  the  effect  of  stimulation  was  

still   highly   significant   at   60   minutes   post   stimulation.   We   therefore   ran   a   second  
experiment,  to  closely  study  the  time  course  and  decay  of  the  effect.      

 

Experiment 2 

Participants  

A   different   group   of   11   healthy   naïve   participants   gave   written   informed   consent   to  

participate  to  this  study  (Mean  Age  =  20.1,  Females  =  7).  All  subjects  were  right-­handed,  

neurologically  healthy  and  completed  a  safety  questionnaire   screening   for  TMS   (Keel  et  

al.,  2000).  Subjects  were   interviewed  about   their  state  of  health  and  were  not   taking  any  

medication  at  the  time  of  the  experiment.  We  recruited  11  subjects,  of  which  only  8  were  
able  to  reliably  detect  phosphenes  and  were  therefore  included  in  the  study.    

  

Experimental  Procedure  

The  experimental  tRNS  procedure  was  the  same  as  in  Experiment  1,  except  that  PTs  were  
also  recorded  every  30  minutes  between  60  and  120  minutes  after  the  end  of  stimulation.    

  

Stimulation  Protocol  

The  stimulation  protocol  was  exactly  the  same  as  in  Experiment  1  (Figure  2.2).    
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Results 
We  performed  the  same  analysis  as  we  did  for  Experiment  1  to  control  for  any  significant  

difference   between   the   two   pre-­stimulation   baseline   thresholds.   The   statistical   analysis  

confirmed  no  significant  difference  between  the  two  baseline  PT  (M  =  .17,  SD  =  4.82,  t7  =  

.102,  p  =  .92).  

One-­sample  t-­test  showed  a  significant  decreased  PT  for  all   the  time   intervals  we  tested  

(M  =   -­10.06,  SD  =  7.26,   t7  =.-­3.92,  p  =   .006,   r  =   .83)  up   to  60  minutes  after   the  end  of  

stimulation  (M  =  -­6.02,  SD  =  5.75,  t7  =  -­2.96,  p  =  .021,  r  =  .075).  Hence  we  replicated  the  

results  from  Experiment  1.  Moreover,  after  90  minutes  PT  went  back  to  baseline  levels,  as  
indicated  by  the  statistical  analysis  (M  =  1.08,  SD  =  4.59,  t7  =  .67,  p  =  .53,  r  =  0.25).  

  
Figure   2.4.   Results   showing   the   effect   of   20   minutes   of   Hf-­tRNS   on   cortical   excitability.   The   timecourse   shows   a  

significant  decrease   in  PT   immediately  after  and  up   to  120  minutes  after   the  end  of   f  Hf-­tRNS.  The  single   time  points  

show   the   mean   group   PT.   Error   bars   are   represented   as   SEM.   Asterisks   indicate   significant   difference   of   PT   from  

baseline  (0  on  the  y-­axis).      
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Discussion 

The  aim  of  this  experiment  was  to  address  the  question  of  how  long  the  effects  of  Hf-­tRNS  

lasts.   In   Experiment   2   we   replicated   the   results   found   in   Experiment   1   with   a   different  

group   of   subjects.   Moreover,   results   showed   that   90   minutes   after   the   end   of   the  

stimulation,   the   PT  went   back   to   baseline,   likely   indicating   a   rebalancing   of   the   cortical  
excitability  following  tRNS.  

	
  
Experiment 3 
Participants    

A  total  of  22  healthy  naïve  participants  gave  written  informed  consent  to  participate  in  the  

study   (Mean   Age   =   20.9,   Females   =   6).   All   subjects   were   right-­handed,   neurologically  

healthy  and  completed  a  safety  questionnaire  screening   for  TMS  (Keel  et  al.,  2000).  We  

recruited   22   subjects,   of   which   12  were   able   to   detect   phosphenes   and  were   therefore  
included  in  the  study.    

  

Experimental  Procedure  

The  experimental  procedure  was  the  same  as  in  experiment  1  (Figure  2.2)  except  for  the  

stimulation  procedure  described  in  the  next  section.    

  

Stimulation  Protocol    

Anodal-­tDCS   (a-­tDCS)  was  delivered  by  a  battery  driven  stimulator   (DC-­Stimulator-­Plus,  

NeuroConn   GmbH,   Ilmenau,   Germany)   through   a   pair   of   35   cm2   saline-­soaked   rubber  

electrodes.  The  electrodes  were  placed  over  the  target  area  identified  following  the  10-­20  

EEG  standard  system.  The  hotspots  were  marked  on  a  Lycra  swimmer’s  cap  worn  by  the  

subjects.   The   anode   was   placed   on   the   occipital   region   over  Oz,   whereas   the   cathode  

(that  served  as  a  reference  electrode)  was  placed  over  the  Vertex  (Cz).  Electrodes  were  
kept  in  position  with  an  elastic  band.  

Stimulation  was  applied   for   20  minutes  with  an   intensity  of   1mA  and  started  and  ended  

with  a  fade-­in/fade-­out  ramping  of  15  seconds.  Sham  stimulation  consisted  of  the  fade/in-­

fade/out  ramp  for  5  seconds,  after  which  stimulation  was  shut  down.  Subjects  were  blinded  

to  the  stimulation  condition  assigned.    At  the  end  of  each  stimulation  session,  participants  

were  asked  to  fill  out  a  side  effects’  questionnaire.  None  of   the  participants  reported  any  
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side   effects,   and   none   of   the   participants   experienced   phosphenes   induced   by   the  
stimulation.  

  

Results 
Data  reported  in  Figure  2.5  clearly  show  that  using  a-­tDCS  to  prime  the  cortex  did  not  alter  

excitability   when   compared   to   sham   control   in   our   experimental   paradigm.   As   in   the  

previous  experiments  we  first  compared  the  two  baseline  PT  for  the  two  conditions  (active  

stimulation  and  sham),  and  we  subsequently  performed  a  one-­sample  t-­test  to  control  for  

any   difference   from   zero   for   the   performance   at   each   time   point.   Statistical   analysis  

showed   no   significant   difference   between   baselines   for   the   two   conditions  a-­tDCS   (M   =  
.65,  SD  =  4.79,  t11  =  .47,  p  =  .65)  and  sham  (M  =  1.31,  SD  =  6,37,  t11  =  .715,  p=  .49).      

Repeated-­measures   General   Linear   Model   (GLM)   [Condition   (tDCS   vs   Sham)   X   Time  

(each   time   interval   we   measured:   baseline,   0,   10,   20,   30,   40,   50,   60)]   revealed   no  

significant  interaction  ([Condition  x  Time]  F8,88  =  .870,  p  =  .545)  and  no  significant  effect  of  

stimulation  (F1,11  =  .033,  p  =  .859).  However,  there  was  a  significant  effect  of  time  (F8,88  =  

3.35,  p  =  .002,  ηp²  =  ,233).    

  

  
Figure  2.5.  Effects  of  20  minutes  a-­tDCS  on  cortical  excitability.  The   timecourse  shows  no  significant  decrease  of  PT  

after  a-­tDCS  (green  line)  compared  to  Sham  (red  line).  The  single  time  points  show  the  mean  group  PT.  Error  bars  are  

represented  as  SEM.  
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Discussion 
Data   from   this   last  experiment  show   that  priming   the  early  visual  cortex  with  a-­tDCS  did  

not   exert   a   significant   change   in   cortical   excitability   relative   to   sham,   as  measured  with  

phosphenes’   report.   There   was   however   a   significant   effect   of   time,   indicating   that   the  

cortical   response   likely   changes   during   the   hour   post   stimulation.   This  might   be   in   part  

attributable   to   the   level   of   wakefulness,   as   well   as   circadian   rhythms   associated   with  

significant   changes   in   the   state  of   the   cortical   circuits   during   the  day   (Gobbo  &  Falciati,  

2014;;   Huber   et   al.,   2013;;   Ly   et   al.,   2016;;   Yildirim   et   al.,   2013).   Additionally,   in   our  

experiment,  participants  were  repeatedly  stimulated  every  10  minutes,  and  this  might  have  

caused  some  cumulative  effect  and  potential  neuronal  habituation  that  might  have  lowered  

sensitivity  and  increased  PT  (Pell,  Roth,  &  Zangen,  2011).  Whatever  the  case,  the  effect  

was  the  same  both  for  the  active  and  the  sham  condition,  indicating  that  it  did  not  depend  
on  a-­tDCS.  

  

General Discussion 
The   primary   aim   of   this   work   was   to   investigate   whether   priming   the   visual   cortex   with  

tRNS   leads   to  cortical  excitability  changes  similar   to   those  described   in   the  motor  cortex  

(Terney  et  al.,  2008).  We  found  a  significant  decrease  in  PT  measured  with  TMS,  after  we  

primed   the  visual  cortex  with  20min   tRNS.  The  effect   lasts  up   to  60  minutes’  post  offset  

and  goes  back   to   baseline  after   90  minutes.  Hence,  we  demonstrate   that   tRNS  applied  

within  high-­frequency  range  enhances  cortical  excitability  for  a  prolonged  interval,  and  this  
might  indicate  sensitivity  of  the  cortex  to  plastic  changes.  

Previous  works  demonstrated   that   short   tDCS  stimulation  protocols   (10  minutes)   induce  

alteration   of   cortical   excitability   of   the   visual   cortex,   with   anodal   stimulation   resulting   in  

increased   excitability   and   cathodal   stimulation   resulting   in   significant   decrease   of   the  

corticospinal  excitability,  but,  unlike   the  motor  cortex,   the  after-­effects  after  stimulation  of  

the  visual  cortex  were  much  shorter  (lasting  10’  minutes  post  offset)  (Antal  et  al.,  2003a).  It  

was   therefore   suggested   that   the   primary   visual   cortex   may   be   less   amenable   to  

neuroplastic   changes   than   the   motor   cortex.   However,   here   we   demonstrate   that   early  

visual   cortex   excitability   can   be   modulated   by   tRNS   and   the   after-­effects   follow   a   very  

similar   time   progression   as   seen   for   the   primary   motor   cortex.   Notably,   as   previously  

mentioned,   Terney   and   colleagues   (2008)   found   that   Hf-­tRNS   over   the   primary   motor  

cortex   induced   excitability   changes   lasting   for   60   minutes   and   returning   to   baseline  
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between   1   hour   and   90  minutes,   a   result   closely  matching  what  we   found   in   the   visual  
cortex.    

A  possible  explanation,  for  the  different  effects  seen  on  cortical  excitability  of  early  visual  

areas  following  anodal-­tDCS  could  be  found  in  the  length  of  the  stimulation  protocol  used.  

Whereas,  a  10  min  tDCS  leads  to  a  short  lived  increase  in  cortical  excitability  (Antal  et  al.,  

2003a),  here  we  show   that  20  minutes  of  a-­tDCS  does  not  exert  any  effect  on  PT.  One  

interesting   suggestion   is   that   with   a-­tDCS,   following   an   initial   facilitation,   prolonged  

stimulation  protocols  could  lead  the  neuronal  membrane  response  to  adapt  to  the  constant  

flowing  current  in  which  the  neurons  are  embedded,  resulting  in  homeostatic  effects  of  the  

ion   neuronal   channels   (Camilleri   et   al.,   2016;;      Fertonani   et   al.,   2011).   We   speculate,  

therefore,  that  when  long  stimulation  protocols  are  applied,   like  in  our  case,  the  neuronal  

population   adapts   to   the   a-­tDCS   stimulation,   likely   driving   neurons   to   return   to   their  

baseline  “resting”  state.    

tRNS   might   be   the   ideal   tool   to   induce   facilitatory   effects   compared   to   tDCS,   as  

demonstrated  in  recent  studies,  where  tRNS  significantly  increased  performance  in  tests  of  

mathematical   and   attention   skills   (Cappelletti   et   al.,   2013;;   Cappelletti   et   al.,   2015),   on  

visual  perceptual  learning  (Fertonani  et  al.,  2011;;  Herpich  et  al.,  2015;;  Pirulli  et  al.,  2013)  

and   in   visual   functions   in   the   clinical   population   (Camilleri,   Pavan,   Ghin,   Battaglini,   &  

Campana,  2014).  

One  might  speculate  that  a  possible  physiological  explanation  of  the  effects  of  tRNS,  might  

be   that   stimulation   with   a   random   frequency   pattern   exerts   a   temporal   succession   of  

depolarization   and   hyperpolarization   of   neuronal   populations,   this   being   the   outcome   of  

repeated  subthreshold  stimulation.  This,   in   turn,  might  prevent  homeostatic  adaptation  of  
neurons  (Fertonani  et  al.,  2011).    

An  intriguing  hypothesis  is  also  that  the  effect  of  tRNS  might  induce  stochastic  resonance  

(Moss   et   al.,   2004).   Noise   is   generally   considered   a   factor   that   limits   the   capacity   of   a  

system  to  process  information,  but  nonlinear  systems,  like  the  brain  is,  can  efficiently  use  

noise  to  enhance  weak  input  signals  and  determine  synchronization  of  different  neuronal  

populations.  In  fact,  it  has  been  shown  that  the  detection  of  subthreshold  visual  stimuli  can  

be  enhanced  when  an  optimal  level  of  noise  is  added  to  the  visual  cortex.  When  tRNS  is  

delivered  to  the  neuronal  network  of  the  human  cortex,   it  has  important  signal-­enhancing  

effect   on   subthreshold,   but   not   supra-­threshold,   stimuli   (van   der   Groen   &   Wenderoth,  

2016).   In   summary   tRNS   appears   to   be   an   effective   technique   to   induce   long   lasting  

modifications  closely  associated  with  learning  (Boggio  et  al.,  2006;;  Galea  &  Celnik,  2009;;  
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Muellbacher  et  al.,  2002;;  Pascual-­Leone  et  al.,  1999;;  Ragert,  Franzkowiak,  Schwenkreis,  

Tegenthoff,  &  Dinse,  2008;;  Reis  et  al.,  2009;;  Sczesny-­Kaiser  et  al.,  2016;;  Tegenthoff  et  

al.,  2005).  

Here   we   showed   that   tRNS   has   the   ability   to   enhance   cortical   excitability   of   the   visual  

cortex,   suggesting   that   this   type   of   tES   could   support   learning   via   synaptic   potentiation.  

This  might  have  translational  potential  in  clinical  application  such  as  in  neurorehabilitation.    

tES  are  already  being  used  in  rehabilitation  protocols  for  motor  impairments,  however  it  is  

still  unclear  whether  the  same  protocols  can  be  applied  to  improve  cognitive  and  sensory  

functions  such  as  perception  and  vision.  In  particular,  data  on  the  use  of  tES  on  the  visual  

cortex  are  scant  and  controversial.  tRNS  might  be  a  promising  alternative,  with  a  clear  and  

more   sustained   effect   in   time.   It   can   exert   facilitatory   effects   faster   and  more   efficiently  

than   other   stimulation   protocols   in   a   variety   of   cognitive   and   perceptual   domains   on  

healthy  population  (Camilleri  et  al.,  2016,  2014;;  Cappelletti  et  al.,  2013;;  Cappelletti  et  al.,  

2015;;    Fertonani  et  al.,  2011;;  Herpich  et  al.,  2015;;  Pirulli  et  al.,  2013).  However,  very  little  

is   known   about   the   neurophysiological   effects,   and   our   results   might   contribute   to   the  
understand  them.  

Although  we  did  not  test  other  behavioral  outcome  in  the  present  protocol,  we  tentatively  

suggest   that   an   increased   state   of   excitation   of   the   visual   cortex   could   help   explain   the  

behavioral   improvements   previously   reported   in   several   different   cognitive   domains  

(Cappelletti   et   al.,   2013;;  Cappelletti   et   al.,   2015;;      Fertonani   et   al.,   2011;;  Herpich   et   al.,  
2015;;  Pirulli  et  al.,  2013).    
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Chapter 3: tES in cognitive training 

Non-invasive brain stimulation protocols 
differentially impact visual perceptual learning of 

global motion 
 
	
  
Abstract 
	
  
Recent   psychophysical   studies   have   demonstrated   that   visuo-­perceptual   functions   can  

improve   over   multiple   training   sessions,   both   in   healthy   adults   (Sagi,   2011)   and   in  

hemianopic  stroke  patients    (Das,  Tadin,  &  Huxlin,  2014).  To  date,  rehabilitative  therapies  

for   hemianopic   patients   have   shown   significant   improvements  only  after  many  weeks  of  

daily   training.   Recent   studies   using   transcranial   direct   current   stimulation   (tDCS)   have  

shown  enhancement  of   visual  performance   in  normal   subjects.  Notably,  when  current   is  

applied   in  a   random  noise  mode   (tRNS),  effects  are  seen  earlier  and  are   longer   lasting.  

Here,  we  asked  whether  tDCS  or  tRNS  can  be  used  to  boost  visual  perceptual  learning  of  

global   direction   discrimination,   thus   providing   a   proof-­of-­concept   for   the   potential   use   of  

this  approach  in  pathological  populations.  

We  tested  45  healthy,  visually-­intact  subjects,  aged  19-­26  (7  males)  who  were  randomly  

assigned  to  4  training  groups:  “anodal  tDCS”,  high  frequency  “Hf-­tRNS”,   ‘high  Frequency  

Parietal  tRNS  “sham”  and  “no-­stimulation”.  All  subjects  were  trained  to  discriminate  the  left  

or  right  global  motion  direction  of  random-­dot  stimuli  for  10  days  (one  session/day).  Before  

and  after  training,  we  measured  the  subjects’  direction  range  and  motion  signal  thresholds.  

Brain   stimulation   was   delivered   concurrently   with   the   training   task.   On   average,   all  

subjects   improved   over   the   two-­weeks   training   period.   However,   the   hf-­tRNS   group  

exhibited  the  largest  improvements.     
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Introduction 
Improvements   in   sensory   discrimination   after   intensive   training   are   the   behavioral  

evidence  of  neuronal  changes  associated  with  perceptual  learning  (Seitz  et  al.,  2007),  and  

this   enhanced   perceptual   performance   is   thought   to   reflect   brain   plasticity   (Sagi,   2011).  

The  question  of  how  the  visual  cortex  changes   in   response   to  visual  perceptual   learning  

(VPL)  is  still  open  and  debated,  as  several  mechanisms  might  play  a  crucial  role  in  either  

promoting   or   preventing   learning.   While   neurophysiological   studies   have   shown   that  

perceptual   learning   selectively   modifies   the   signal   strength   of   neurons   responding   to  

relevant   stimulus   features,   while   concurrently   suppressing   the   activity   of   task   irrelevant  

information   (Yan   et   al.,   2014),   psychophysical   studies   have   led   to   the   hypothesis   that  

boosting   stimulus-­related   cortical   activity   might   be   one   of   the   mechanisms   promoting  

perceptual   learning   (Seitz   &  Dinse,   2007).   However,   it   has   been   recently   demonstrated  

that  there  are  some  limitations  to  the  applicability  of  PL  in  humans,  in  particular  the  length  

of  the  training  (many  weeks  and  months  of  daily  training)  make  it  less  suitable  to  be  used  

with  the  clinical  population.  Interestingly,  new  scientific  evidence  shows  that  non-­invasive  

brain   stimulation,   coupled   with   training   protocols,   is   particularly   promising   for   boosting  

stimulus-­related  cortical  activity,  and  ultimately  speeding  up  and  enhancing  the  effects  of  

training  (Cappelletti  et  al.,  2013;;  Fertonani  et  al.,  2011;;  Mulquiney  et  al.,  2011;;  Snowball  et  

al.,  2013).  

One   way   of   measuring   the   effect   of   NIBS   upon   behavior   in   humans   is   to   use  

psychophysical  testing  (Antal,  Nitsche,  &  Paulus,  2001;;  Fertonani,  Pirulli,  &  Miniussi,  2011)  

and,  interestingly,  a  relatively  recent  alternating  current  stimulation  technique,  transcranial  

random  noise  stimulation   (tRNS,  Terney  et  al.,  2008),  has  proven  effective   in   facilitating  

and   improving   behavior   when   concurrently   coupled   with   VPL   (Fertonani   et   al.,   2011).    

Some  recent  studies  have  also  shown  that  a  combination  of   tRNS  and  cognitive   training  

results   in   significantly   bigger   and   longer   lasting   improvements   (up   to   16   weeks)   when  

compared  to  cognitive  training  alone,  in  both,  young  and  elderly  population.  These  studies  

also  indicate  that  tRNS  may  be  a  useful  tool  for  cognitive  enhancement  and  rehabilitation  

of  special  population  (Cappelletti  et  al.,  2013;;  Cappelletti  et  al.,  2015).  

Several  studies  have  ascertained  that  many  visual  abilities  can  improve  with  training  (Levi  

et  al.,  2015),  however  some  studies  failed  to  show  improvement  with  practice,  posing  the  

question  of  what  are  the  best  conditions  that  favor  improvement  and,  mostly,  what  cortical  

areas   play   a   direct   role   in   promoting   improvement.   This   is   not   trivial,   as   for   instance   in  

stroke   patients   affected   by   vision   loss   after   V1   damage,   it   would   be   of   paramount  
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importance   to   determine   precise   cortical   targets   to   promote   visual   field   recovery   with  

noninvasive   brain   stimulation   (for   a   review   see  Melnick   et   al.,   2015).   Training   on   global  

motion   discrimination   is   a   typical   paradigm   used   in   perceptual   learning.   Its   efficacy   in  

promoting   recovery   of   visual   field   loss,   and   transfer   to   other   visual   functions,   has   been  

demonstrated  both  in  healthy  subjects  (Levi  et  al.,  2015;;  Wang  et  al.,  2016)  as  well  as  in  

neurological  patients   (Huxlin  et  al.,  2009;;  Das  et  al.,  2014).  Therefore,  we  chose  motion  

coherence   training   coupled   with   brain   stimulation   to   contrast   the   efficacy   of   tRNS   and  

tDCS   administered   during   visual   training   at   boosting   and   speeding   up   visual   learning.  

Some   recent   controversial   studies   have   conducted  meta-­analysis   of   data   collected  with  

tDCS  protocols  and  they  showed  no  cognitive  effects  after  one  session  of  tDCS  (Horvath  

et   al.,   2015).   However,   the   effect   of   multiple   stimulation   sessions   upon   learning   bears  

some  interesting  and  still  unanswered  questions  that  would  help  assess  the  applicability  of  

noninvasive  stimulation  to  facilitate  cortical  plasticity.  

On   the  other  hand,   tRNS  has  proven   to  enhance  cortical  excitability   in   the  motor   cortex  

(Terney  et  al.,  2008)  and,  as  suggested   from   results   in  chapter  2,   to  modulate  neuronal  

excitability  of   the  primary  visual   cortex.  Moreover,   recent  studies  have  shown   that   tRNS  

can   induce   improvements   of   cognitive   functions   when   delivered   over   the   visual   cortex  

(Camilleri  et  al.,  2014;;  2016;;  Campana  et  al.,  2014;;  Pirulli  et  al.,  2013),  however   it   is  not  

known   whether   the   same   effect   can   be   measured   using   global   motion   concurrent   with  

tRNS   across   multiple   sessions.   It   has   been   suggested   that   stimulation-­related  

improvements  might  exert  from  the  state  of  the  neurons  at  the  time  of  stimulation  (Silvanto  

et   al.,   2008),   and   that   adding   noise   to   the   cortex   might   enhance   sensory   detection,   in  

particular  when  the  stimuli  are  presented  at  threshold,  embedded  in  noise  (Abrahamyan  et  

al.,  2015).  This  is  the  so  called  stochastic  resonance  phenomenon,  whereby  random  noise  

enhances   the   detectability   of   a   weak   signal   in   a   nonlinear   system   (van   der   Groen   and  

Wenderoth,   2016).   Therefore,   we   hypothesized   that   tRNS   could   potentially   improve  

detection   performance   when   coupled   with   global  motion   training,   an   optimized   stimulus  

whose   detectability   can   be  manipulated   by   psychophysically  manipulating   the   signal-­to-­

noise   ratio.  We  wanted   to  see  whether   tRNS  can  shorten   the   training   to  gain  significant  

improvement  and,  importantly,  we  questioned  whether  the  effect  can  persist  months  after  

the  end  of   the  training,   indicating   long  term  plasticity.  Finally,  we  contrasted  the  effect  of  

tRNS  with  anodal-­tDCS  and  we  expected  tRNS  to  lead  to  better  performance.    
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Materials and Methods 
	
  
Participants  

A   total   of   forty-­five   subjects   participated   in   the   experiment   (mean   age:   19.9   years   old;;  

range:   19-­36;;   32   females   and   13  males).   All   subjects  were   right-­handed,   neurologically  

normal,  with  normal  or  corrected-­to-­normal  vision  and  gave  written  informed  consent  prior  

to   the   beginning   of   the   study   approved   by   the   Ethical   Committee   of   the   University   of  

Trento.   All   subjects   underwent   10   days   of   training,   preceded   by   a   pre-­training   test   to  

measure   baseline   performance   and   a   post-­training   follow-­up   at   six   months.   During   this  

follow-­up  session,  participants  repeated  the  behavioral  baseline  tests.  

Participants  were   randomly   assigned   to   one   of   five   groups   (9   subjects   for   each   group).  

Three   received   active   online   stimulation:   high   frequency   tRNS   over   early   visual   areas  

(EVA   Hf-­tRNS),   Hf-­tRNS   over   parietal   cortex   (Hf-­tRNS   Parietal)   and   anodal   tDCS   over  

EVA   (EVA   a-­tDCS).   One   group   received   sham   stimulation   over   the   early   visual   areas  

(EVA   Sham),   and   a   fifth   group   performed   the   behavioral   task   only   without   stimulation  

(Behaviour).    

  

Experimental  Set-­Up  

During  each  session  participants  were  positioned  on  a  chinrest-­forehead  bar  combination  

to  stabilize  their  heads  and  placed  so  that  their  eyes  were  57  cm  viewing  distance  from  a  

24-­inch  computer  monitor  (BenQ  120Hz).  Real-­time  eye  fixation  was  enforced  by  an  Eye  

Tracking   System   (EyeLink   1000   Plus   –   SR  Research   Ltd.,   Canada)   that  monitored   the  

pupil   center   and   corneal   reflection   of   the   left   eye.   All   testing,   training   and   visual   field  

perimetry   procedures   were   done  monocularly   with   the   left   eye,   while   the   right   eye  was  

occluded  with  an  eye  patch.  

Apparatus  

All   experimental   sessions   took   place   in   the   same   room   under   same   light   and   noise  

condition  and  with  the  same  apparatus.  Visual  stimuli  were  generated  on  a  MacBook  Pro  

running   software   based   on   the   Psychophysics   Toolbox   (Brainard,1997;;   Pelli,   1997)   in  

Matlab   (MathWorks).   Stimuli   were   presented   on   a   linearized   SensEye   3   LED   24   Inch  

(BenQ)  monitor  with  a  refresh  rate  of  120  Hz.  The  monitor  was  luminance-­calibrated  with  

gamma  =1  with  a  professional  monitor   calibrator   (Datacolor  Spyder  5).  Eye   fixation  was  

controlled   in   real   time  using  an  EyeLink  1000  Plus  Eye  Tracking  System   (SR  Research  
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Ltd.,  Canada)  whose  infrared  camera  monitored  the  pupil  center  and  corneal  reflection  of  

the  left  eye.  Limits  were  set  so  that  if  the  participant’s  eye  moved  >  1.5  °  in  any  direction  

away  from  the  fixation  spot,  three  loud  tones  sounded  and  the  currently  displayed  trial  was  

aborted  and  excluded  form  the  final  analysis.  The  fixation  window  for  this  task  was  set  at  

3x3°  in  size.    

Every   subjects   visual   field  was   tested  with   an  automated   visual   field   perimetry   (Optopol  

PTS  1000  Visual  Field,  Canon)  to  verify  their  field  of  vision  and  ensure  they  did  not  exhibit  

overt  deficits  prior  to  the  onset  of  the  visual  training.  Only  after  confirming  the  absence  of  

any  visual  field  deficit  subjects  were  included  in  the  current  study.    

tDCS   and   tRNS   were   delivered   using   a   battery-­driven   stimulator   (DC-­Stimulator-­Plus,  

NeuroConn  GmbH,  Ilmenau,  Germany)  through  a  pair  of  saline-­soaked  conductive  rubber  

electrodes  (35cm2).  

  

Psychophysical  Stimuli  and  tasks  

Global  Motion  Direction  Discrimination   (GMD).  We  measured   direction   range   thresholds  

for   left-­right  motion  discrimination  of  stimuli   that  contained  a   limited  percentage  of  signal  

dots   (Newsome   &   Pare,   1988).   Once   a   motion   signal   level   was   selected   for   each  

participant,   the   task   used   a   quest   adaptive   procedure   (Watson,   1983)   to   estimate   the  

broadest  distribution  of  dot  directions  for  which  the  subject  could  correctly  discriminate  the  

global   direction   of   motion.   The   QUEST   criterion   was   set   to   converge   when   82%   of  

accuracy  was  reached.  The  random  dot  stimuli  were  presented  within  a  Gaussian  aperture  

5°  in  diameter  at  a  density  of  2.6  dots/deg2.  Each  dot  had  a  diameter  of  0.06°  and  moved  

at  a  speed  of  10°/s  with  a  lifetime  of  250ms.  Stimulus  duration  was  500ms.  The  signal-­to-­

noise  ratio  of  the  coherent  left/right  moving  dots  and  the  randomly  noisy  moving  dots,  was  

calibrated   for  each  subject   individually  during  a   first  preliminary  baseline  session.  For  all  

but   3   subjects,   the   random   dot   stimuli   contained   40%   of   coherent  motion   signal.   Three  

subjects   were   trained   with   a   stimulus   containing   30%   coherent   motion   and   70%   noise  

dots,  to  allow  enough  room  for  improvement.  The  signal-­to-­noise  ratio  of  the  stimulus  was  

chosen  based  on  preliminary   testing  aimed   to   identify  a  motion  signal   level   that  allowed  

participants  to  perform  just  above  change  (50%  correct).  Each  participant  started  training  

with  direction  ranges  set  to  0°.  

Participants  were  asked  to  fixate  on  a  central  cross  for  1000ms  immediately  followed  by  a  

tone  signaling  the  appearance  of  the  stimulus  that  was  presented  for  500ms.  The  stimulus  
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was  centered  at   [-­5,  5]  deg  for  all  subjects   in  order  to  fall   into  the  periphery  of   the  visual  

field   (Das  et   al.,   2014;;  Huxlin   et   al.,   2009).  Once   the   stimulus  disappeared,   participants  

had  to  indicate  the  perceived  global  direction  of  motion  by  pressing  the  left  or  right  arrow  

keys   on   the   keyboard.   The   two   motion   directions   (leftward   and   rightward)   were  

randomized   across   trials.   Acoustic   feedback   was   provided,   indicating   whether   the  

participant   gave   a   correct   (high   tone)   or   an   incorrect   (low   tone)   response.   When  

participants  broke  fixation  by  more  than  1.5°  of  visual  angle   in  any  direction,   three  tones  

sounded  an  alarm  and  the  trial  was  aborted.  

During   training   stimuli   were   presented  monocularly   to   the   left   eye   for   10   days   (one/day  

from   Monday   to   Friday,   for   2   weeks)   while   they   received   either   active,   sham   or   no  

stimulation.  Subjects  run  350  trials/day  for  a  total  of  3500  trials  at  the  end  of  the  2  weeks  

of  training.  The  total  duration  of  the  daily  training  session  for  each  group  was  set  to  last  20  

min.  

  

Stimulation  Protocol  

Each  subject  was   randomly  assigned   to  one  of   the  5  stimulation  groups.  The  electrodes  

were   bilaterally   placed   over   the   target   areas   identified   following   the   10-­20  

electroencephalogram   reference   system.   To   target   the   brain   hotspot   to   stimulate,  

participants  wore  a  Lycra  swimmer’s  cap  on  which  the  points  were  marked.  

For   group   1   (EVA   hf-­tRNS)   the   electrodes  were   positioned   over   the   early   visual   areas,  

corresponding   to   the  EEG   system  electrode   positions  O1/PO7   and  O2/PO8,   for   the   left  

and  right  hemisphere,  respectively.  Whereas  electrodes  were  positioned  over  P3  and  P4  

for  group  2  (Parietal  hf-­tRNS).  For  the  a-­tDCS  (group  3)  the  anode  was  positioned  over  Oz  

and  the  cathode  over  Cz  (Nitsche  et  al.,  2008;;  Antal  &  Paulus,  2008).  For  the  Sham  group  

we  used  the  same  bilateral  montage  as  for  group  1.    

The   intensity  of  stimulation  was  set   to  1.0  mA,  and  was  delivered  for  20  min  with  a  fade  

in/out  period  of  20  seconds.  For  the  a-­tDCS  group  the  polarity  of  the  active  electrode  was  

anodal.   For   the   tRNS   condition,   the   random  noise   stimulation  was   applied  with   a   0  mA  

offset  at  frequencies  of  alternating  current  ranging  from  101  to  640  Hz  (hf-­tRNS).  For  the  

Sham   stimulation   group,   the   stimulation   was   shut   down   after   20   s.   At   the   end   of   each  

session,  we  asked  all  subjects  to  fill  out  a  questionnaire  about  potential  discomfort  or  any  

unusual  sensation   they  experienced  during   the  stimulation.  Only  minor  side-­effects  were  

reported   by   the   tDCS   group   (2   subjects   reported   slight   itching   under   the   electrode,   1  
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subject   reported   a   slight   subjective   temperature   increase   under   the   electrode),  whereas  

none  of  the  tRNS  group  participants  reported  any  sensation  of  being  stimulated.  

  
Figure    3.1.  Experimental  procedure  and  Stimulation  protocol  used.  A.  Participants  were  divided  into  5  different  groups.  

For  EVA-­Hf-­tNRS  Group  the  electrodes  were  positioned  over  the  early  visual  areas,  corresponding  to  the  EEG  system  

electrode  positions  O1/PO7  and  O2/PO8.  For   the  EVA  a-­tDCS  Group   the  anode  was  positioned  Oz  and   the   cathode  

over  Cz  (Nitsche  et  al.,  2008;;  Antal  &  Paulus,  2008).  For  the  Hf-­tRNS  Parietal  control  group,  electrodes  were  positioned  

over  P3   and  P4,  whereas   for   the  Sham  group   the   same  bilateral  montage   as   in  EVA  Hf-­tRNS  group  was   used.   The  

intensity  of  the  stimulation  was  set  to  1  mA,  and  was  delivered  for  20  minutes.  For  the  anodal  tDCS  the  polarity  of  the  

active  electrode  was  anodal.  For   the   tRNS  condition,   the   random  noise  stimulation  was  applied  with  a  0  mA  offset  at  

frequencies   of   alternating   current   ranging   from   101   to   640   Hz   (hf-­tRNS).   B,   before   the   training   (Pre-­Training)   all  

participants  were  tested  on  the  Global  Motion  Direction  Discrimination  (GMD)  task  to  determine  baseline  performance.  

Subsequently,  subjects  underwent  10  days  of  training  on  the  GMD  task  while  receiving  online  stimulation.  Subjects  were  

tested  again  on  the  GMD  task  6  months  after  the  end  of  the  stimulation  (Follow  Up),  to  test  for  long-­term  effects  of  the  

training  protocol.  B.  Global  Motion  Direction  Discrimination  Task  (GDM)  used.    

  

Data  Analysis  

Shapiro-­Wilk  test  was  used  to  control  for  the  normality  of  data  distribution.  Data  Sphericity  

was   addressed   using   Maulchy’s   test,   and   Greenhouse-­Geisser   correction   was   used   in  

case  of  non-­sphericity  of   the  data.  Levene’s  test  was  used  to  address  the  assumption  of  

equality  of  variances.  P-­values  were  considered  significant  for  values  of  <  .05.  For  multiple  

comparisons,  we  used  Fisher’s  (LSD)  method  to  test  our  specific  a  priori  hypothesis  (I.e.  to  

compare  different  stimulation  condition  at  a  given  time  point).  The  effect  sizes  are  reported  

as   the   partial   Eta-­squared   (ηp²)   values.   Correction   for   multiple   comparisons   was  

performed   with   the   Benajmini   &   Hochberg,   FDR  method   (FDR   p   <   0.05)   (Benjamini   &  

Hochberg,  1995).  
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  Results  

Impact  of  different  brain  stimulation  protocols  on  the  magnitude  of  global  motion  learning  

Results   showed   that   all   subjects   from   all   groups   benefited   from   two-­weeks   training,  

however   direction   integration   thresholds   for   the   group   that   underwent   tRNS   over   EVA  

improved   faster   and   of   higher   magnitude   relative   to   all   other   conditions.   All   subjects  

performed   similarly   at   baseline   on   day   one   (One-­Way   ANOVA,   F4,   40   =   1.19,   p   =   .33),  

however  the  rate  of  improvement  was  different  across  conditions.      

A   repeated   measures   ANOVA,   using   Stimulation   (EVA   Hf-­tRNS   vs.   EVA   a-­tDCS   vs.  

Parietal   Hf-­tRNS   vs.   Sham   vs.   Behavioral)   as   a   between-­subject   factor   and   Session  

(Training   Session   1   to   Training   Session   10)   as   a   within-­subjects   factor   showed   a  

significant   Session*Stimulation   interaction   (F14.98,   149.77   =   2.908,   p   <   .001,   ηp²   =   .265).  

Maulchy’s   test   indicated   that   the   assumption   of   sphericity   had   been   violated   (X²   (44)   =  

165.63,   p   <   .001),   therefore   degrees   of   freedom   were   corrected   using   Greenhouse-­

Geisser   estimates   of   sphericity   (ε   =   .42).   We   subsequently   conducted   multiple  

independent   t-­test   comparisons   which   revealed   that   EVA   Hf-­tRNS   was   significantly  

different  from  all  the  other  conditions:  EVA  a-­tDCS  (t16  =  -­  5.66,  p  =  .000035),  Parietal  Hf-­

tRNS  (t16  =  3.41,  p  =  .004),  Behavioral  (t16  =  3.25,  p  =  .005),  and  from  Sham  condition  (t16  

=  2,15,  p  =  .047).    

We  also  performed  planned  comparisons  comparing  performance   in   the  Sham  condition  

vs   Behavioral,   and   we   found   no   significant   difference   in   magnitude   of   learning   (when  

comparing  direction  integration  thresholds  at  day  one  and  day  10),  (t16  =  1.13,  p  =  .275).    

Figure      3.2.   Histogram  

illustrating   mean   performance  

improvements   on   the   GMD  

task   presented   as   Direction  

Range   Thresholds   after   10  

days   of   training   for   the   Sham  

group   vs.   Behavioral   training  

group.  There  was  no  significant  

difference   between   the   Sham  

and   the   Behavioral   group  

following  10  days  of  training.  All  

data   in   the   histogram   are  

expressed  as  means  and  error  

bars  are  represented  as  ±SEM.  

(Deg.,  Degree).  
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We  next  compared  the  Sham  condition  to  EVA  a-­tDCS  and  found  a  significant  difference,  

indicating  that  the  a-­tDCS  group  showed  the  lowest  overall   improvement,  (t16  =  -­2.809,  p  

=.016).    
  

Figure      3.3	
   Histogram  

illustrating   mean   performance  

improvements  on  the  GMD  task  

presented   as   Direction   Range  

Thresholds   after   10   days   of  

training   for   the   Early   Visual  

Areas  a-­tDCS  (EVA  a-­tDCS)  vs.  

Sham   group.   Performance   was  

significantly   different   between  

the  groups   following  10  days  of  

training.   All   data   in   the  

histogram   are   expressed   as  

means   and   error   bars   are  

represented   as   ±SEM.   (Deg.,  

Degree).  

  

Finally,  Figure  3.4  reports  the  comparison  between  the  average  performance  for  the  EVA  

Hf-­tRNS  versus  Parietal  Hf-­tRNS  and  Sham.  These  data  clearly  indicate  that  only  the  EVA  

Hf-­tRNS  stimulation  condition  exerted  a  significant  improvement  relative  to  Sham.  

Figure   3.4.   Histogram  

illustrating   mean  

performance  

improvements   on   the  

Global   Motion  

Discrimination   task   (GMD)  

presented   as   Direction  

Range  Thresholds  after  10  

days   of   training   for   the  

Early   Visual   Areas   tRNS  

(EVA  Hf-­tRNS)  vs.  Parietal  

Hf-­tRNS   vs.   Sham   group.  

Significant   difference  

emerged   for  EVA  Hf-­tRNS  

vs.   Parietal   Hf-­tRNS   and   for   EVA   Hf-­tRNS   vs.   Sham   following   10   days   of   training.   All   data   in   the   histogram   are  

expressed  as  means  and  error  bars  are  represented  as  ±SEM.  (Deg.,  Degree).  
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Impact  of  different  brain  stimulation  protocols  on  the  rate  of  global  motion  learning  

We  next   looked  at   the   rate  of   learning  across   the   two  weeks  of   training.  To  analyze   the  

rate  of  improvement  across  sessions  as  a  function  of  stimulation  coupled  with  training,  we  

performed   a   linear   regression   analysis   for   each   subject's   performance.   To   conform   to  

assumption  of  normality  and  homoscedasticity  of  variance,  Beta  values  were  first  Box-­Cox  

(Box   and   Cox,   1964)   power   transformed   (lambda   =   2.6102).   Specifically,   Beta   is   the  

coefficient  measuring   the   steepness  of   the   regression   line,   therefore   indicating   how   fast  

each   group   of   subjects   improved   on   the   GMD   task   over   the   2   weeks’   period.   We  

subsequently  ran  a  one-­way  ANOVA  with  Stimulation  (EVA  Hf-­tRNS  vs.  EVA  a-­tDCS  vs.  

Parietal   Hf-­tRNS   vs.   Sham   vs.   Behavioral)   as   between   factor.   Results   showed   a  

statistically  significant  difference  in  the  Beta  between  the  different  groups,  (F4,  40  =2.93,  p  =  

.03,   η2   =   0.226)   therefore   confirming   a   difference   in   the   slope   of   the   growing   curve  

between   the  5  different   groups.  Post-­hoc   independent   t-­test   (Fisher’s   LSD)   showed   that  

EVA   Hf-­tRNS   Beta   coefficients   were   significantly   different   from   the   Parietal   Hf-­tRNS  

condition   (p   =   .03),   moreover   the   slopes   of   the   a-­tDCS   vs.   the   Sham   group   were  

significantly  different  (p  =  .026).  These  results  indicated  that  subjects  assigned  to  the  EVA  

Hf-­tRNS   active   stimulation   condition   improved   faster   than   the   Parietal   control   active  

stimulation   group.   Finally,   subjects   in   the   anodal   active   stimulation   group   were   those  

showing  the  lowest  improvement.  

  
Figure    3.5a.  Regression   lines  represent   the  rate  of   learning  across  the  two  weeks  of   training.  Beta  coefficients,  which  

measure  the  steepness  of  the  regression  line  indicating  therefore  how  fast  each  group  of  subjects  improved  on  the  GMD  
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task   over   the   10   days   period.   The   analysis   showed   no   significant   difference   for   the   Beta   coefficients   for   Sham   and  

Behavioral  condition.  All  data  points  are  expressed  as  means  and  error  bars  are  represented  as  ±SEM.  (Deg.,  Degree).  

	
  

	
  
Figure  3.5b.  Regression   lines   represent   the   rate  of   learning  across   the   two  weeks  of   training.  Beta  coefficients,  which  

measure  the  steepness  of  the  regression  line  indicating  therefore  how  fast  each  group  of  subjects  improved  on  the  GMD  

task  over  the  10  days  period.  The  analysis  showed  a  significant  difference  for  the  Beta  coefficients  for  EVA  a-­tDCS  and  

Sham  condition   (p  =   .026).  All   data  points  are  expressed  as  means  and  error   bars  are   represented  as  ±SEM.   (Deg.,  

Degree).  

  
Figure  3.5c.  Regression   lines   represent   the   rate  of   learning  across   the   two  weeks  of   training.  Beta  coefficients,  which  

measure  the  steepness  of  the  regression  line  indicating  therefore  how  fast  each  group  of  subjects  improved  on  the  GMD  

task  over  the  10  days’  period.  The  analysis  showed  a  significant  difference  for  the  Beta  coefficients  for  EVA  Hf-­tRNS  and  
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Parietal  Hf-­tRNS  condition  (p  =  .03).  All  data  points  are  expressed  as  means  and  error  bars  are  represented  as  ±SEM.  

(Deg.,  Degree).  

  
Since   EVA-­Hf-­tRNS   administered   during   training   appeared   to   cause   faster   learning,   we  

analyzed  at  what  time-­point  EVA-­Hf-­tRNS  started  to  differ  from  all  other  groups.  We  hence  

conducted   pairwise   comparisons   as   independent   t-­tests.  Results   showed   that   on  Day   8  

EVA  Hf-­tRNS  group’s  performance  differed  significantly  from  all  other  conditions:  EVA  a-­

tDCS  (t12.2  =  -­6.39,  p  =  .000032),  Parietal  Hf-­tRNS  (t16  =  3.74,  p  =  .002),  Behavioral  (t16  =  

2.9,  p  =  .011)  and  Sham  condition  (t16  =  2.21,  p  =  .042).      

Persistence  of  stimulation  effects  

We  next  asked  whether  the  magnitude  of  learning  that  we  found  immediately  at  the  end  of  

the  training  sessions  persisted  across  time.  We  therefore  tested  a  subgroup  of  subjects  (n  

=   36)   6   months   after   the   end   of   stimulation,   and   compared   their   thresholds   with   those  

attained  at  the  end  of  the  2  weeks  of  training.  We  ran  a  repeated  measure  ANOVA  using  

Stimulation  (EVA  Hf-­tRNS  vs.  EVA  a-­tDCS  vs.  Parietal  Hf-­tRNS  vs.  Sham  vs.  Behavioral)  

as   between-­subject   and   Session   (Post-­Training   vs.   6   Months   Follow-­Up)   as   within-­

subjects   factor.  The  analysis   revealed  no  significant  difference  between   the  post-­training  

threshold  and  the  threshold  at  6  months’  follow-­up  test  (F4,  31  =  1.046,  p  =  .4),  showing  that  

the  improvement  measured  immediately  at  the  end  of  the  training  was  still  present  after  6  

months,  hence  indicating  consolidation  of  learning.  We  next  conducted  repeated  measure  

t-­tests   between   subjects’   average   performance   on   Day   1   (pre-­training)   compared   to   6-­

months   post   stimulation   to   determine   whether   performance   remained   stable   for   all  

conditions  we  tested.  These  analyses  indicated  a  significant  difference  in  performance  for  

the  EVA  Hf-­tRNS  group  (t7  =  -­8.87,  p=.00005),  and  the  same  was  true  for  the  Sham  (t5  =  -­

5.94,  p=.002),  Parietal  Hf-­tRNS  (t6  =  -­5.18,  p=.002),  Behavior  (t7  =  -­4.687,  p=.002)  and  the  

a-­tDCS  group  (t6  =  -­3.68,  p=.010).    



	
   50	
  

  
Figure  3.6.  Plot   illustrating   the  persistence  of   the   stimulation  effects   represented  as  mean  Direction  Range  Threshold  

(DR).  The  black  circles  indicate  the  DR  reached  immediately  after  the  end  of  the  10  days  of  training,  whereas  the  grey  

circles  indicate  the  DR  of  the  Follow  Up  session  measured  after  6  months  after  the  end  of  the  stimulation.  The  analysis  

revealed  no  significant  difference  between  the  post-­training  threshold  and  the  threshold  at  6  months  Follow  Up  test.  This  

results  indicate  that  the  improvement  reached  immediately  after  the  training  was  still  persistent  after  6  months,  indicating  

consolidation  of  learning.  (Deg.,  Degree).  

 

Discussion 
In  the  present  study  we  asked  whether  brain  stimulation  can  be  used  to  boost  and  speed  

up  visual  perceptual  learning,  for  conditions  where  it  would  normally  take  multiple  learning  

sessions   across   months.  We   further   compared   different   neuromodulation   techniques   to  

determine   the  most  effective   in  promoting   learning.   Importantly,  we  wanted   to   test   if   the  

effect  of  training  coupled  with  a  stimulation  protocol  could  exert  long  lasting  plasticity.    

Results   show   that   Hf-­tRNS   applied   bilaterally   to   the   early   visual   cortex   speeds-­up   and  

boosts  the  effect  on  visual  perceptual   learning.  Specifically,  we  found  that  on  average  all  

subjects   improved   over   two-­weeks   of   training,   however   we   observed   a   significant  

improvement  of  global  motion  direction  discrimination  in  subjects  who  received  stimulation  

to   the   occipital   lobe   with   Hf-­tRNS   (average   168.56°   improvement   in   direction   range  

thresholds).   Improvement   for   the   control   Hf-­tRNS   condition   over   the   parietal   lobe   was  

much   smaller   (improvement   average   88.52°)   and   did   not   differ   from   the   other   active  

stimulation  condition  a-­tDCS  (average  58.5°).  Moreover,  performance  did  not  differ  for  the  

two  “non-­active”  stimulation  groups,  sham  and  behavior  (average  improvement  of  117.89°  
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and   88.42°,   respectively).  Crucially,   this   improvement  was   persistent   and   still   significant  

six  months  after  the  end  of  the  training,  indicating  consolidation  of  learning.  

Although  all  groups  improved  in  global  motion  discrimination,  improvement  was  faster  and  

larger   only   when   tRNS   was   applied   over   the   early   visual   cortex,   indicating   the   direct  

involvement  of  EVA  in  VPL  and  the  potential  of  tRNS  as  a  way  to  boost  cortical  excitability  

and  improve  performance.      

Various   aspects   might   contribute   to   facilitate   perceptual   learning,   however   to   promote  

learning,  the  sensory  signal  should  be  increased  to  boost  the  stimulus  related  activity  that  

is  normally   insufficient   to   reach  a   learning   threshold   (Seitz  &  Dinse,  2007).  Despite  well  

known   factors   that   can   trigger   learning,   like   attention   (Ahissar,   2001)   and   reinforcement  

(Pascucci,   Mastropasqua,   &   Turatto,   2015;;   Seitz   &  Watanabe,   2005),   we   suggest   here  

that   tRNS   coupled   with   a   psychophysical   training   protocol   can   boost   the   crucial   target-­

related  cortical  activity,  and  therefore  speed  up  and  enhance  the  effects  of  learning.  One  

might  ask  whether  stimulation  alone  could  have  exerted  the  same  effect,  however  recent  

work   has   shown   that   this   is   not   the   case,   only   behavioral   training   coupled   with   tRNS  

stimulation  can  boost  the  rate  and  intensity  of  perceptual  learning  (Camilleri  et  al.,  2016).    

There  might  be  several  reasons  why  brain  stimulation  enhances  the  effect  of  training,  and  

one  of  the  leading  theory  suggests  that  stimulation  adds  noise  to  a  non-­linear  system  (as  

the   brain   is),   hence   improving   the   detectability   of   the   signal.   This,   in   turn,   boosts   the  

stimulus-­related   activity   that   promotes   perceptual   learning   (Moss   et   al.,   2004).  

Interestingly,   a   recent  work  by   van  der  Groen  and  Wenderoth   (2016)  demonstrated   that  

tRNS  over  the  visual  cortex  has  the  same  enhancement  effect  as  adding  optimal  noise  to  a  

visual  stimulus  to  increase  the  detection  accuracy  of  a  sub-­threshold  visual  stimulus,  which  

alone,  would   not   surpass   the   critical   threshold   levels   to   produce   a   behavioral   response.  

Cortical   activity   could   therefore   be   enhanced  with   ad-­hoc   stimulation   protocols,   and   this  

can  induce  synaptic  plasticity  resulting  in  effective  perceptual  improvements.      

Interestingly,  in  our  study  a-­tDCS  over  the  visual  cortex  did  not  facilitate  learning,  and  the  

result   is   consistent   with   recent   studies   showing   that   anodal   tDCS   impairs   overnight  

consolidation  of  visual  learning  (Peters  et  al.,  2013).  Overall,  the  a-­tDCS  data  might  even  

suggest  that  this  type  of  stimulation  could  potentially  inhibit  learning.    

Moreover,   in   chapter   2   we   showed   that   tRNS   can   enhance   cortical   excitability   of   the  

primary   visual   cortex   with   effects   lasting   up   to   1   hour   after   one   single   session   of   20  

minutes  of  stimulation.  On  the  contrary,  a-­tdcs  stimulation  delivered  over  the  visual  cortex,  
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did   not   exert   any   shift   in   cortical   excitability.   Although   in   the   present   study   we   did   not  

directly   correlate   the   behavioral   outcomes   with   the   physiological   results,   we   tentatively  

suggest   that   an   increased   state   of   excitation   of   the   visual   cortex   could   help   explain   the  

behavioral   improvements  found  here  in  visuo-­perceptual   learning  coupled  with  tRNS.  We  

suggest   that   shifts   in  cortical  excitability  might  also  be   responsible   for  behavioral   results  

previously   found   in   other   studies   (Cappelletti   et   al.,   2013;;   Cappelletti   et   al.,   2015;;    

Fertonani   et   al.,   2011;;   Herpich   et   al.,   2015;;   Pirulli   et   al.,   2013).   Taken   together,   our  

behavioral  results  might  be  explained  by  the  state  of   the  cortical  excitability   following  the  

different   stimulation   protocols   we   used.  While   tRNS   results   in   behavioral   improvement,  

and  likely  significant  shifts   in  cortical  excitability  (chapter  2),  no  behavioral   facilitation  nor  

neuronal  modulation  (chapter  2)  was  evident  following  a-­tdcs.    

An   important   point   is   to   understand  whether   the   plastic   changes   induced   by   stimulation  

outlast  the  stimulation  time.  The  issue  of  consolidation  and  stabilization  of   learning  is  not  

trivial   as   many   VPL   studies   have   failed   to   see   long   lasting   effects   and/or   transfer   of  

learning   to   other   tasks   (Ball   &   Sekuler,   1987;;   Seitz,   Nanez,   Holloway,   Tsushima,   &  

Watanabe,  2006).  Crucially,  we  demonstrated  here  that  our  training  protocol  coupled  with  

10   days   of  Hf-­tRNS   induced   the   biggest   enhancement   on   performance  and,   even  more  

interestingly,  long  lasting  effects,  up  to  6  months  from  the  end  of  the  training.  

Finally,   we   provided   a   proof-­of-­concept   for   the   potential   use   of   this   technique   on   the  

pathological  population,  particularly  for  those  patients  who  can  benefit  from  visual  training,  

but   only   after   intensive   training   that   requires  many  months   (up   to   18   or   more)   of   daily  

practice   (Huxlin   et   al.,   2009;;  Das,  Tadin,  Huxlin,   2014).   tRNS  might   be   the   ideal   tool   to  

promote   faster   and   stronger   recovery.   This   point  will   be   discussed   in   details   in  Chapter  

four.  
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Chapter 4: tRNS in stroke rehabilitation 

tRNS to promote recovery in cortical blindness: a 
preliminary study 

 
	
  
Abstract  
Cortical   blindness   is   a   severe   clinical   outcome   after   stroke   affecting   the   primary   visual  

areas.  Most  commonly,  it  affects  portions  of  the  visual  fields  (quadrantopsia)  or  the  entire  

hemifield.   The   deficit   can   be   profoundly   invalidating   as   the   subject   is   no   longer   able   to  

function  normally  during  every  day  activities.  When  the  blind  portions  of  the  visual  field  are  

systematically  tested  using  forced  choice  procedures  with  psychophysical  tasks,  evidence  

of   some   residual   vision   has   been   found,   namely   called   blindsight.   Potentially   these  

patients   can   undergo   treatment   to   help   them   recover   some   portions   of   the   blind   visual  

field.  However,  this  can  only  be  done  through  very  long  visual  tranining,  that  can  take  up  to  

16  months  to  have  measurable  significant  changes.  Based  on  our  previous  results,  in  this  

last   chapter   we   took   advantage   of   the   potential   of   tRNS   to   boost   perceptual   learning  

performance,  and  we  applied   it   to  support  recovery   in  blindsight  patients.  We  tested  four  

patients  and  we   randomly  assigned   them   to  active  or  sham  stimulation   (two  patients   for  

each   condition).   They   underwent   two   weeks   of   VPL   training   coupled   with   Hf-­tRNS   or  

sham.   Results   indicate   that   the   active   stimulation   group   achieved   a   significantly   better  

performance  relative  to  sham.  These  preliminary  data  strongly  indicate  a  potential  clinical  

application  of  our  experimental  procedure.  
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Introduction 
  
Damage   to   primary   visual   cortex   (V1)   can   cause   partial   or   complete   loss   of   conscious  

vision  called  cortical  blindness  (CB)  (Holmes,  1918;;  Huber,  1992;;  Leopold,  2012;;  Zhang  et  

al.,  2006).  Stroke  involving  the  posterior  or  middle  cerebral  arteries  is  responsible  for  the  

great  majority  of  cases.  The  incidence  of  CB  in  the  general  population  is  remarkably  high  

(Geddes   et   al.,   1996;;   Pollock   et   al.,   2011;;   Pollock   et   al.,   2012;;   Gilhotra   et   al.,   2002).  

According  to  WHO  estimates,  the  number  of  stroke  in  Europe  is  likely  to  increase  form  1.1  

million  per  year  in  2000  to  more  the  1.5  million  per  year  in  2025  (Truelsen  et  al.,  2006),  of  

which  27%  to  57%  exhibit  damage  to  V1  or  its  afferents  (Pollock  et  al.,  2011;;  Pollock  et  al.,  

2012).  Usually,  spontaneous  recovery   is   limited  within   the  first   few  weeks  after   the   insult  

(Zhang  et  al.,  2006),  with  almost  no  spontaneous   improvements  reported  after  6  months  

from   the   brain   damage   (Kolmel,   1991;;   Zhang   et   al.,   2006).  Contrary   to  well-­established  

physical   therapies   to   treat   motor   deficits   following   strokes   to   the   motor   cortex,   no  

established   validated   clinical   therapies   exist   for   the   restoration   of   visual   field   deficits  

(reviewed  by  Melnick  et  al.,  2015).  

The  reason  for  this  lack  of  rehabilitation  strategies  to  treat  CB  patients,  is  the  assumption  

that  chronically  damaged  visual  system  is  incapable  of  functional  recovery  (Horton,  2005;;  

Reinhard  et  al.,  2005).  However,  CB  subjects  can  retain  residual  visual  processing  abilities  

in  their  blind  fields,  a  well  known  phenomena  described  for  the  first  time  by  Weiskrantz  and  

colleagues  in  1974  and  called  “blindsight”  (Sanders  et  al.,  1974;;  Weiskrantz  et  al.,  1974).  

Interestingly,  blindsight  subjects  can  perform  above  chance  when  forced  to  discriminate  or  

detect   visual   stimuli   within   their   blind   fields   (Cowey,   2010;;   Stoerig   &   Cowey,   1997).   In  

recent  years,  some  research  groups  have  devised   innovative  psychophysical   techniques  

to  encourage  recovery  of  portions  of   the  blind  field  (Das  et  al.,  2014;;  Huxlin  et  al.,  2009;;  

Raninen  et  al.,  2007;;  Sahraie  et  al.,  2006,  2010;;  Sahraie  et  al.,  2008),  and  others  have  

used   visual   restoration   therapy,   the   latter   with   inconsistent   results   (Plow   et   al.,   2011).  

Recently,   intensive   visual   perceptual   learning   training   has   been   used   to   try   to   recover  

portions   of   the   defective   visual   field.   In   particular,   visual   training   with   forced   choice  

discrimination   tasks,   using  stimuli   presented   repeatedly   in  a  gaze-­contingent  manner  on  

the   border   of   the   scotoma,   showed   to   improve   simple   and   complex   visual   motion  

processing  in  the  blind  field  of  adults  with  damage  to  V1  (Cavanaugh  et  al.,  2015;;  Huxlin  et  

al.,  2009).  This  visual  restitution  approach  which  requires  subjects  not  only  to  detect,  but  

also  to  make  a  judgment  about  the  nature  of  the  stimuli  presented  in  their  blind  field,  builds  
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upon  work  conducted  on  animals  (Huxlin  &  Pasternak,  2004)  and  humans  (Cavanaugh  et  

al.,  2015;;  Das  et  al.,  2014;;  Huxlin  et  al.,  2009),  showing  how  gaze  contingent  training  can  

promote  recovery  of  motion  direction  and  static  orientation  discrimination  at   trained  blind  

locations.  Huxlin  and   colleagues   reported  not   only   relearning  of   coarse   (left/right)   global  

motion   discrimination,   but   also   a   decrease   in   the   size   of   the   scotoma   of   patients,   as  

confirmed   by   Humphrey   automated   perimetry   (Huxlin   et   al.,   2009).   Intensive   training  

promoted   recovery  of  patients’  ability   to  discriminate  global  direction  of  motion,  however  

many   months   (≥   16   months)   of   daily   training   were   required   to   see   significant  

improvements.    

In  the  mature  visual  cortex,  damage  to  the  brain  shifts  the  excitatory-­inhibitory  balance  in  

the  residual  surviving  visual  circuitry  toward  excessive  inhibition  which  has  been  proposed  

as  a   responsible  mechanism   limiting  plasticity  and   recovery   (for  a   review  see  Spolidoro,  

Sale,   Berardi,   &   Maffei,   2009).   Sale   and   colleagues,   in   fact,   demonstrated  

pharmacologically  how  reduction  of   intra-­cortical   inhibition  reactivated  Ocular  Dominance  

(OC)  plasticity  in  response  to  monocular  deprivation  (MD)  in  adult  rats  (Sale  et  al.,  2010).  

Following   this   first   direct   demonstration,   several   recent   papers   showed   the   fundamental  

role  of  the  inhibitory/excitatory  system  in  modulating  plasticity  in  the  brain  (He  et  al.,  2007).  

When   emerging   excessive   intra-­cortical   inhibition   cannot   be   counteracted,   restoration   of  

plasticity  is  prevented  (Spolidoro  et  al.,  2009).  

It   appears,   from   the   above   described   studies,   that   an   excessive   intra-­cortical   inhibition  

might  be  what  limits  recovery,  providing  a  possible  explanation  why  training  is  so  effortful  

and   only   partially   successful.  One   possibility   to   promote   recovery,   is   to   either   decrease  

intra-­cortical   inhibition   or   to   enhance   the   strength   of   the   feed-­forward   signals.   Different  

several  methods  have  been  proposed  to  do  so:  pharmacologically  (Vetencourt  et  al.,  2008;;  

Pizzorusso,   2002),   through   visual   deprivation   (He   et   al.,   2006,   2007),      enriched  

environments  (Fedorka  &  Mousseau,  2004;;  van  Praag  et  al.,  2000)  or  through  noninvasive  

brain  stimulation  (Miniussi,  Harris,  &  Ruzzoli,  2013).  Drugs  like  acetylcholine  or  serotonin,  

which  decrease  the  breakdown  of  neurotransmitters,  seem  to  increase  the  plasticity  in  the  

visual   cortex   by   boosting   the   stimulus-­related   feed-­forward   signals   relative   to   inhibitory  

connections  (Vetencourt  et  al.,  2008;;  Rokem  &  Silver,  2010;;  Silver  et  al.,  2008).  However,  

pharmacological   interventions   and   their   associated   side-­effects   are   often   not   well  

tolerated.    

The   work   presented   in   the   previous   chapters   has   provided   strong   indication   that   tRNS  
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could  be   the   ideal   technique   to  promote   recovery  also   in  patients.  We  have  seen  how   it  

can  enhance  and  speed  up  visual   perceptual   learning   in  healthy  adults   (Camilleri   et   al.,  

2016;;  Cappelletti  et  al.,  2013;;  Cappelletti  et  al.,  2015;;  Fertonani  et  al.,  2011;;  Mulquiney  et  

al.,  2011;;  Snowball  et  al.,  2013)  and  enhance  cortical  excitability.    

Experiments  from  chapters  two  and  three  showed  that  tRNS  applied  in  the  high  frequency  

range   (101-­640Hz),   enhances   training-­induced   visual   perceptual   learning,   and   likely  

cortical   excitability,   to   a   larger   degree   and   more   reliably   than   tDCS.   Crucially,   this  

improvement  persisted  months  after   the  end  of   the  training   indicating   long  term  plasticity  

(Herpich  et  al.,  2015).  In  addition,  tRNS,  showed  not  only  to  be  more  effective  in  boosting  

stimulus-­related   cortical   activity   (Camilleri   et   al.,   2016,   2014;;   Campana   et   al.,   2014;;  

Cappelletti  et  al.,  2013;;  Fertonani  et  al.,  2011;;  Herpich  et  al.,  2015),  but  also  showed   to  

have  no  side  effects  and  to  be  well  tolerated.  Crucially,  subjects  cannot  determine  whether  

they  are  undergoing  active  stimulation  or  sham,  making  it  easier  to  conduct  a  blind  study.    

An  interesting  hypothesis  is  that  in  partially  blind  patients  extrastriate  visual  areas  remain  

mostly   intact   (Baseler  et  al.,  1999;;  Papanikolaou  et  al.,  2014),  however   they  might  have  

lost  a  significant  portion  of  their  feed-­forward  input,  due  to  the  lesion  to  V1.  Therefore,  we  

hypothesize   that   tRNS   could   potentially   improve   the   responses   of   spared   neuronal  

populations   to  weak   inputs,   through  selectively  boosting   feed-­forward  signals  associated  

with  the  training  stimulus  or,  by  decreasing  plasticity-­limiting  inhibitory  processes.  If  so,  we  

expect,  based  also  on   recent  data  showing  enhancement  of  cognitive   training   in  healthy  

adults   (Camilleri   et   al.,   2016,   2014;;   Campana   et   al.,   2014;;   Cappelletti   et   al.,   2013;;  

Cappelletti  et  al.,  2015;;  Fertonani  &  Miniussi,  2016;;  Pirulli  et  al.,  2013),  a  potentiation  of  

the  training-­induced  visual  improvements  in  chronic  CB  subjects.  In  this  preliminary  study  

we   tested   a   small   group   of   CB   patients  who   received   either   tRNS   or   Sham   stimulation  

daily  for  10  days.  The  results  are  promising  and  indicate  a  good  potential  for  the  technique  

to  promote  recovery.      

 

Materials and Methods 

Case  histories  

We  tested  4  adult  patients,  in  the  chronic  phase  post  stroke  (>  6  Months  post  onset).  They  

were  all   left  with  damage   to   the  early  visual  areas,  causing  homonymous  visual  defects,  

confirmed  by  neurological  examination  and  automated  visual  perimetry.  They  all  suffered  
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from   stroke   involving   the   territory   of   the   posterior   cerebral   artery   as   confirmed   by  

radiological  examinations   (CT  or  MRI).  None  had  history  or  evidence  of  degenerative  or  

psychiatric   disorders.   All   participants   were   right   handed,   with   normal   or   corrected-­to-­

normal   visual   acuity.   All   had   a   stable,   homonymous   visual   defect.  None   exhibited   other  

forms  of  visual  deficits  or  visual  neglect,  as  determined  by  neurological  examination.    

Patient   PD,   a   58   years   old   woman,   suffered   an   ischemic   stroke   in   April   2012.  

Neuroradiological   examinations   showed   a   large   ischemic   lesion   involving   right   fronto-­

parieto-­occipital  regions  following  occlusion  of  the  internal  carotid  artery  (Figure  4.1).       

Patient   CA,   a   76   years   old   man,   suffered   an   ischemic   stroke   in   June   2015.  

Neuroradiological   examinations   showed   a   right   posterior   capsule-­thalamic   and   occipital  

lobe  lesion  following  a  stroke  with  cardio-­embolic  genesis  (Figure  4.1).      

Patient   AP,   a   69   years   old   man,   suffered   an   ischemic   stroke   in   July   2014.  

Neuroradiological   examinations   showed   a   lesion   of   the   left   occipital   lobe   (involving  

cuneus,  precuneus  and  the  cingulate  gyrus)  and  the  posterior  capsule-­thalamic  area  of  the  

homonymous  hemisphere  (Figure  4.1).    

Patient   PA,   a   72   years   old   man,   suffered   from   an   ischemic   stroke   in   January   2016.  

Neuroradiological   examination   showed  a   lesion  of   the   left   occipital   lobe  and   the   internal  

capsule  due  to  an  ischemia  of  the  posterior  cerebral  artery  (Figure  4.1).  

All  patients  showed  homonymous  visual  defects  as  confirmed  by  the  visual  field  perimetry  

we   performed   before   the   inclusion   to   the   study.   They   all   gave  written   informed   consent  

before  participating   in   the  study,  according   to   the  ethical  standards  of   the  Declaration  of  

Helsinki.  The  study  was  approved  by  the  ethical  committee  of  the  University  of  Trento  and  

the  ethical  committee  for  clinical  experimentation  of  the  “Azienda  Provinciale  per  i  Servizi  

Sanitari”   (APSS).  Patients  were   recruited  at   the  Center   for  Neurocognitive  Rehabilitation  

(CeRiN)  affiliated  to  the  University  of  Trento  and  the  Rehabilitation  Hospital  “Villa  Rosa”,  in  

Pergine,  Italy.    

All   subjects   underwent   10   days   of   training,   preceded   by   a   pre-­training   test   to  measure  

baseline  performance.  Automated  visual  field  perimetry  was  performed  during  pre-­training,  

at  the  end  of  the  first  week  of  training  and  at  the  end  of  the  10  days  of  training.  

Participants  were  randomly  assigned   to  one  of   two  groups.  Two  patients   received  active  

online  Hf-­tRNS  over  early  visual  areas  (EVA  Hf-­tRNS),  whereas  the  control  group  received  
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a  Sham  stimulation  with  electrodes  placed  over  the  early  visual  areas  (EVA  Sham).  

Patient   Date  of  Birth   Visual  Defect   Lesion   Time  Post  
Onset  (Months)  

P.D.   16.06.1957   Lateral  
homonymous  
hemianopia  

Right  fronto-­
parieto-­occipital  
lobe  

36  

A.P.   07.10.1947   Lateral  
homonymous  
hemianopia  

Left  occipital  lobe  
and  left  posterior  
capsule-­thalamic  
area  

24  

P.A.   25.09.1944   Lateral  
homonymous  
quadrantopsia  

Left  occipital  lobe  
and  internal  
capsule  

9  

C.A.   29.03.1940   Lateral  
homonymous  
quadrantopsia  

Right  posterior  
capsule-­thalamic  
and  occipital  lobe  

15  

Table   1.   Demographic   and   lesion   data.   All   patients   suffered   from   a   cerebrovascular   stroke   resulting   in   occipital   lobe  

lesions.   Visual   defects   described   in   table   were   assessed   with   an   automated   visual   field   perimetry.   The   last   column  

indicates  the  time  from  onset  at  which  we  tested  the  patients.    

	
  
	
  

  
Figure  4.1.  Neuroradiological  images  of  the  4  patients  that  participated  in  this  study  (2  for  each  patient).  Top  (from  left):  

P.D.,  P.A.,  bottom  (from  left):  A.P.,  C.A.  All  tested  patients  sustained  stroke-­induced  damage  of  early  visual  areas  or  the  

optic  radiations.  As  for  neuroradiological  convention  left  is  right  and  right  is  left  in  each  picture.    
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Experimental  Set-­Up    

During  each  session  participants  were  positioned  on  a  chinrest-­forehead  bar  combination  

to  stabilize  their  heads  and  placed  so  that  their  eyes  were  57  cm  viewing  distance  from  a  

24-­inch  computer  monitor  (BenQ  120Hz).  Real-­time  eye  fixation  was  enforced  by  an  Eye  

Tracking   System   (EyeLink   1000   Plus   –   SR  Research   Ltd.,   Canada)   that  monitored   the  

pupil   center   and   corneal   reflection   of   the   left   eye.   All   testing,   training   and   visual   field  

perimetry   procedures   were   done  monocularly   with   the   left   eye,   while   the   right   eye  was  

occluded  with  an  eye  patch.  

  

Apparatus  

Visual   stimuli   were   generated   on   a   MacBook   Pro   running   software   based   on   the  

Psychophysics  Toolbox  (Brainard,  1997;;  Pelli,  1997)  in  Matlab  (MathWorks).  Stimuli  were  

presented  on  a   linearized  SensEye  3  LED  24  Inch  (BenQ)  monitor  with  a  refresh  rate  of  

120  Hz.  The  monitor  was  luminance-­calibrated  with  gamma  =1  with  a  professional  monitor  

calibrator  (Datacolor  Spyder  5).  Eye  fixation  was  controlled  in  real  time  using  an  EyeLink  

1000   Plus   Eye   Tracking   System   (SR   Research   Ltd.,   Canada)   whose   infrared   camera  

monitored  the  pupil  center  and  corneal  reflection  of  the  left  eye.  Limits  were  set  so  that  if  

the  participant’s  eye  moved  >  1.5  °  in  any  direction  away  from  the  fixation  spot,  three  loud  

tones  sounded  and   the  currently  displayed   trial  was  aborted  and  excluded   form   the   final  

analysis.  The  fixation  window  for  this  task  was  set  at  3x3°  in  size.    

Every  subjects’  visual   field  was   tested  with  an  automated  visual   field  perimetry   (Optopol  

PTS  1000  Visual  Field,  Canon).    

tRNS   was   delivered   using   a   battery-­driven   stimulator   (DC-­Stimulator-­Plus,   NeuroConn  

GmbH,   Ilmenau,  Germany)   through  a  pair  of  saline-­soaked  conductive  rubber  electrodes  

(35cm2).  

  

Baseline  Measure  of  Visual  Performance  

Perimetric   Visual   Field   Test:   Every   patient   underwent   automated   visual   field   perimetry  

before   the   onset   of   the   retraining.   This   allowed   us   to   exactly   map   the   extent   of   each  

subject’s   visual   deficit   and   allowed   us   to   verify   its   stability   compared   with   previous  

examinations.  The  visual  field  perimetry  was  performed  again  by  the  same  researcher  who  

performed  the  pre  training  tests,  at  the  end  of  the  first  week  and  at  the  end  of  the  10  days  

of  training.    
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Psychophysical  Global  Motion  Direction  Discrimination  abilities  

After   automated   visual   filed   perimetry,   for   each   subject   we   measured   direction   range  

thresholds  for  left-­right  motion  discrimination  of  stimuli  that  contained  a  limited  percentage  

of  signal  dots  (Newsome  &  Pare,  1988).  This  allowed  us  to  psychophysically  map  motion  

sensitivity   of   each   participant.   Before   each   testing   session,   the   EyeLink   Eye   Tracking  

system  was  calibrated  by   requiring   the  subjects   to  maintain   fixation  on  a   target  stimulus  

that  was  moved  on  either  side  of   the  screen  along  the  vertical  and  horizontal  axis  of   the  

computer  monitor   in   front  of   them.  Once   fixation  was  calibrated,  subjects  were  asked   to  

perform   direction   discrimination   and   detection   task   centrally   and   at   different   visual   field  

locations  to  map  their  threshold  for  global  motion  discrimination  abilities.    

To   measure   global   motion   discrimination   abilities   of   each   subject,   a   QUEST   staircase  

procedure  was  used.  The  QUEST  criterion  was   set   to   converge  when  82%  of   accuracy  

was  reached.  

  

Global  Motion  Direction  Discrimination  (GMD)  Task  

Subjects  were  asked  to  perform  left-­right  direction  of  motion  discrimination  of  random-­dot  

moving   stimuli.   To   map   the   motion   sensitivity   of   each   participant,   they   were   asked   to  

performed  100  trials  of  the  task  at  different  locations,  with  each  trail  initiated  by  fixation  of  a  

small   fixation   circle.   Participants   were   asked   to   fixate   on   a   central   cross   for   1000ms  

immediately   followed   by   a   tone   signaling   the   appearance   of   the   stimulus   that   was  

presented   for   500ms.   Once   the   stimulus   disappeared,   participants   had   to   indicate   the  

perceived   global   direction   of   motion   by   pressing   the   left   or   right   arrow   keys   on   the  

keyboard.   The   two   motion   directions   (leftward   and   rightward)   were   randomized   across  

trials.  Acoustic   feedback  was  provided,   indicating  whether   the  participant  gave  a  correct  

(high  tone)  or  an  incorrect  (low  tone)  response.  When  participants  broke  fixation  by  more  

than  1.5°  of  visual  angle  in  any  direction,  three  tones  sounded  an  alarm  and  the  trial  was  

aborted.  

The   random   dot   stimuli   were   presented  within   a  Gaussian   aperture   5°   in   diameter   at   a  

density  of  2.6  dots/deg2.  Each  dot  had  a  diameter  of  0.06°  and  moved  at  a  speed  of  10°/s  

with  a  lifetime  of  250ms.  Stimulus  duration  was  500ms.    
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Visual  Retraining    

After   completing   baseline   testing,   visual   training   protocol   began.   The   chin-­forehead-­rest  

system   allowed   the   subject’s   eye   to   be   positioned   at   57cm   from   the  monitor  where   the  

stimuli  were  presented.  During  the  training,  stimuli  were  presented  monocularly  to  the  left  

eye  of   the  participants   for   10  days   (one/day   from  Monday   to  Friday,   for   2  weeks)  while  

they   received   either   active   or   sham   stimulation.   The   total   duration   of   the   daily   training  

session   for   each   group   was   set   to   last   20   min.   The   eccentricity   of   presentation   of   the  

stimuli  at  which  each  subjects  performed   the   training  was  determined  during  pre-­training  

session.   Initially   the   stimuli  were   presented   at   locations   close   to   the   border   of   the   blind  

visual   field,   moving   progressively   deeper   into   the   blind   field   as   global   motion   direction  

discrimination   dropped   above   change.   The   first   location  were   subjects   performed   below  

change  was  used  as  initial  training  eccentricity.      

For   each   patients   we   also   measured   global   motion   discrimination   abilities   in   at   least   2  

other   locations   in   the   healthy   visual   field   as   a   control,   to   ensure   subjects   were   able   to  

correctly  perform  the  task  in  their  normally  sighted  visual  hemifield.  

  

Stimulation  Protocol  

Each  patient  was   randomly  assigned   to  one  of   the  2  stimulation  groups.  The  electrodes  

were   bilaterally   placed   over   the   target   areas   identified   following   the   10-­20  

electroencephalogram  reference  system.  Patients  wore  a  Lycra  swimmer’s  cap  on  which  

the  target  stimulation  hotspots  were  marked.  

For   group   1   (EVA   hf-­tRNS)   the   electrodes  were   positioned   over   the   early   visual   areas,  

corresponding   to   the  EEG   system  electrode   positions  O1/PO7   and  O2/PO8,   for   the   left  

and   right  hemisphere,   respectively.  The  same  bilateral  montage  was  used   for   the  Sham  

group.    

The   intensity  of  stimulation  was  set   to  1.0  mA,  and  was  delivered  for  20  min  with  a  fade  

in/out   period   of   20   seconds.   For   the   tRNS   condition,   the   random   noise   stimulation  was  

applied  with  a  0  mA  offset  at  frequencies  of  alternating  current  ranging  from  101  to  640  Hz  

(hf-­tRNS).   The   same   parameters   were   used   for   the   Sham   condition,   except   that   the  

stimulator  was  programmed  so  that  the  current  was  shut  down  after  20  sec  of  ramping-­up.  

At   the  end  of  each  session,  we  asked  all  subjects   to   fill  out  a  side  effects  questionnaire.  

None  of  the  participants  reported  any  sensation  of  being  stimulated.    
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Results 

Results  are  preliminary  as  we  tested  two  patients  per  group.  Therefore  we  only  performed  

exploratory  analysis.  We  performed  linear  regressions  to  test  if  the  type  of  stimulation  that  

the  participants  received  significantly  predicts  subject’s  behavioral  outcome  on  the  visual  

restoration   training.   A   significant   regression   equation   was   found,   as   confirmed   with   a  

Pearson’s  correlation  coefficient,  for  the  patients  who  received  Hf-­tRNS  stimulation  (F1,8  =  

12.05,   p   =   .008,   β   =.775).   The   results   of   the   regression   indicated   that   Stimulation   as   a  

predictor  explained  60.1%  of  the  variance  in  the  case  of  Hf-­tRNS  (R2  =.601).    

  
Figure   4.2.   Regression   analysis   revealed   a   significant   positive   interaction   between   the   visual   restoration   training   and  

performance  on  Global  Motion  Discrimination  for  the  Hf-­tRNS  patients  (r  =.775,    p  =  .008,  R2  =  .601,  β  =  ,775).    

No   significant   regression   equation   emerged,   as   confirmed   with   a   Pearson’s   correlation  

coefficient,   for   the  group  of  patients  who   received  Sham  stimulation   (F1,7  =.43,  p  =.53,  β  

=.240).  The  results  of  the  regression  indicated  that  Stimulation  as  a  predictor  explained  the  

5.7%  of  the  variance  in  the  case  of  Sham  stimulation  (R2  =.057).  
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Figure   4.3.   Regression   analysis   revealed   that   the   interaction   between   visual   restoration   training   and   performance   on  

Global  Motion  Discrimination  was  not  significant  for  the  sham  patients  (R  =  .231,  p  =  .520,  R2  =  .057,  β  =  -­,231).    

Subsequently,   a   one   sample   t-­test   was   performed   to   determine   the   overall   behavioral  

improvements   of   the   patients   who   received   Hf-­tRNS   stimulation   following   10   days   of  

training.   Behavioral   improvements   scores   were   normally   distributed,   as   assessed   by  

Shapiro-­Wilk’s   test   (p   >.05)   and   there   were   no   outliers   in   the   data,   as   assessed   by  

inspection  of  a  boxplot  with  Cook’s  distance  method.  Mean  improvement  (M  =  20.05,  SD  =  

16.99)  was  statistically  significant  for  the  Hf-­tRNS  group  (t9  =  3.73,  p  =.005,  d  =  1.18)  after  

10  days  of  training  compared  to  their  performance  prior  to  the  onset  of  the  training.  

A  one  sample   t-­test  was  performed   to  determine   the  overall  behavioral   improvements  of  

the   patients   who   received   Sham   stimulation   following   10   days   of   training.   Behavioral  

improvements   scores   were   normally   distributed,   as   assessed   by   Shapiro-­Wilk’s   test   (p  

>.05).   One   data   point   that   was   identified   as   an   outlier,   as   assessed   by   inspection   of   a  

boxplot  with  Cook’s  distance  method,  was  removed  form  the  analysis.  Mean  improvement  

(M  =  5.43,  SD  =11.95)  was  not  statistically  significant  for  the  sham  group  (t8  =  1,36,  p  =.21,  

d  =  .45)  after  10  days  of  training  compared  to  their  performance  prior  to  the  onset  of  the  

training.  
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A  qualitative  clinical-­diagnostic  analysis  of  the  automated  visual  field  perimetry  performed  

before  and  after  the  end  of  the  training,  showed  a  trend  toward  an  expansion  of  the  visual  

field   for   the  subjects  who  received  active  Hf-­tRNS  stimulation  (Figure  4.5),  whereas  only  

minor   improvements   was   evident   for   the   Sham   stimulation   group   (Figure   4.6).   Pre   and  

post-­training  maps   of   luminance   sensitivity  were   performed   always   by   the   same   person  

and  under  exactly  the  same  conditions  of  light.  The  obtained  maps  show  a  shifting  of  the  

blind   border   after   10   days   of   daily   training,   potentially   suggesting   that   Hf-­tRNS  may   be  

able  to  significantly  speed  up  the  process  of  recovery  of  visual  field  functions  compared  to  

sham  condition.  
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Figure   4.4.   A   two-­tailed,   one   sample   t-­test   revealed   that   mean   improvement,   following   10   days   of   training,   was  

statistically  significant  for  the  Hf-­tRNS  patients  when  compared  to  their  performance  at  baseline  prior  to  the  onset  of  

the  training  (t(9)  =  3.73,  p  =.005,  d  =  1.18).  Improvement  for  the  Sham  stimulated  group  was  not  significant  relative  

to  baseline  (t(8)  =  1,36,  p  =.21,  d  =  .45).  
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Figure   4.5.   Shift   of   the   visual   field   defects   for   the   two   active   HF-­tRNS   stimulated   patients   after   10   days   of   visual  

perceptual   training.  The  visual  maps  on   the   left  show   the  size  of   the  scotoma  prior   to   the   training,  whereas   the  visual  

maps   on   the   right   shows   the   expansion   of   the   visual   field   after   10   days   of   training.   The   solid   black   lines   outline   the  

expansion  of   the  visual   field  after  2  weeks  of  daily   training.  The  black  circle   indicates   the   topographical   location  of   the  

stimuli  used  during   training.  Enlargement  of   the  visual   field   is  particularly  evident   in   the  area  overlapping   the  retrained  

location  and  in  the  immediate  surroundings.    
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Figure   4.6.   Shift   of   the   visual   field   defects   for   the   two   Sham   stimulated   patients   after   10   days   of   visual   restoration  

training.   Only   minimal   expansions   of   the   visual   field   emerged   in   the   area   overlapping   the   retrained   location   for   one  

subject  (top),  whereas  no  difference  in  the  scotoma  was  evident  for  the  second  subject  (bottom).  

  

Discussion 
Here  we   tested   the  hypothesis   that  bilateral  brain  stimulation  of  peri-­lesional  early  visual  

cortex  applied  during  visual  discrimination   training   in  partially  blind  subjects,  could  attain  

significantly  greater  and  faster  recovery  of  visuo-­perceptual  abilities  than  sham  stimulation  

coupled   with   training.   These   preliminary   results   indicate   that   20   minutes   of   Hf-­tRNS  

stimulation  applied  for  10  consecutive  days  over  the  primary  visual  areas  led  to  significant  

improvements   of   patients’   abilities   to   discriminate   visual   motion,   and,   concurrently   the  
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visual   field   deficit   was   reduced.   These   results   are   relevant   and   provide   a   further  

demonstration   that   tRNS   can   be   used   to   potentiate   cognitive   training,   also   in   the  

pathological   population.   The   empirical   work   presented   in   chapter   three,   on   healthy  

participants,  already   indicated   that   tRNS  coupled  with  visual  perceptual   learning   training  

can   boost   improvement.   The   present   results   on   partial   cortical   blind   patients   further  

validate   the  procedure  as  potential   tool   for   the   clinical   setting.  These   results  are  also   in  

agreement  with  the  current  proposed  hypothesis  about  the  mechanism  of  action  of  tRNS  

(Fertonani   et   al.,   2011;;   Pirulli   et   al.,   2013;;   van   der   Groen   &   Wenderoth,   2016).   One  

hypothesis   is   that   stroke   patients   with   damage   to   V1   retain   residual   motion   detection  

abilities   (Cavanaugh   et   al.,   2015;;   Das   et   al.,   2014;;   Huxlin   et   al.,   2009)   (Azzopardi   &  

Cowey,   2001;;   Huxlin   et   al.,   2009),   and   tRNS   might   play   a   pivotal   role   is   promoting  

recovery  of  functions  that  otherwise  would  remain  subthreshold.  Previous  elegant  work  on  

cortically  blind  patients  has  used  the  exact  same  psychophysical  procedure  we  used  with  

our   patients.   However   reliable   improvement   in   visual   motion   processing   in   the  

perimetrically   blind   field   of  V1  became  significant   only   after  many  months   (>16)   of   daily  

training  (Huxlin  et  al.,  2009),  and,  although  results  were  variable  among  subjects,  none  of  

the   patients   they   tested   improved   after   only   two   weeks   of   training.   Here   we   show   that  

when  gaze-­contingent   training   is  coupled  with  Hf-­tRNS  stimulation,  partial  cortically  blind  

patients  experience  bigger  improvements  and  faster  recovery  of  visual  motion  processing  

abilities  compared  to  sham  trained  subjects,  after  only  10  days  of  daily  training,  suggesting  

a   potential   boosting   effect   of   the   stimulation.   Furthermore,   these   data   confirm   that   the  

damaged  adult  visual  system  is  amenable  to  changes  and  it   is  able  to  relearn  lost  visual  

abilities  (Das  et  al.,  2014;;  Huxlin  et  al.,  2009).  Damage  to  the  primary  visual  cortex  causes  

homonymous   contra-­lesional   loss   of   vision   that,   in   strong   contrast   to   well-­established  

physical   therapies   available   to   treat   motor   deficits,   was   considered   irreversible   until  

recently,  but  the  available  treatments  are  only  experimental  and  not  part  of  clinical  routine  

yet   (Huxlin   et   al.,   2009).  While   plasticity   of   spared   visual   circuits   is   believed   to   underlie  

such  recovery,  the  specific  mechanisms  are  still  unclear.  However,  recent  works  suggest  

that  tRNS  can  serve  as  a  pedestal  to  boost  the  response  of  the  neuronal  system  to  weak  

sensory   inputs   (Miniussi   &   Ruzzoli,   2013;;   van   der   Groen   &   Wenderoth,   2016)   and  

therefore  promote  neuroplasticity.    

To   further  quantify   the  potential  effect  on  visual   recovery,  we  asked  whether   the   training  

protocol  also  decreased  the  size  of  the  visual  deficit,  hence  we  measured  patients’  visual  

perimetry  at   baseline  and,   for   comparison,   at   the  end  of   the   training.     Automated  visual  
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field  perimetries  provided  a  good  indication  of  the  localization  of  the  visual  defects  for  each  

participant.  As  previously  mentioned,  global  motion  discrimination  training  alone  is  not  able  

to  induce  expansion  of  the  visual  field  in  CB  patients  in  only  two  weeks  of  training  (Das  et  

al.,  2014;;  Huxlin  et  al.,  2009).  A  preliminary  qualitative  clinical-­diagnostic  analysis  of   the  

visual  fields  maps,  suggests  that  the  training  protocol  used  here  instead  is  able  to  induce  

expansion  of  the  visual  field,  and  therefore  a  decrease  in  the  size  of  the  scotoma,  already  

after   10   days   of   training.   Since   these   are   only   preliminary   data,   caution   is   warranted.  

However,  this  early  work  suggest  a  potential  beneficial  effect  of  our  training  protocol.  

The  present  work  generates  a  series  of  further  questions  that  require  empirical  testing,  and  

main  points  are  how  long  this  effect  can  last  and  how  can  we  make  these  changes  stable  

in   time.   Importantly,   it   is   now   really   important   to   determine   how   much   these   effects  

translate   into   daily   functions   and   this   should   be   tested  with   standardized   clinical   testing  

and  further  physchophysical  test  batteries  measuring  other  dynamic  and  stationary  visual  

stimuli.    
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   Monocular	
  deprivation	
  
	
   	
  
NMDA	
  	
   N-­‐methyl-­‐D-­‐aspartate	
  
	
  
NIBS	
   	
   Non-­‐Invasive	
  Brain	
  Stimulation	
  Techniques	
  
	
  
OD	
   	
   Ocular	
  Dominance	
  	
  
	
  
RMT	
   	
   Resting	
  Motor	
  Threshold	
  
	
  
PT	
   	
   Phosphenes	
  Threshold	
  	
  
	
  
PL	
   	
   Perceptual	
  Learning	
  
	
  
tACS	
   	
   Transcranial	
  Alternating	
  Current	
  Stimulation	
  	
  
	
  
tDCS	
   	
   Transcranial	
  Direct	
  Current	
  Stimulation	
  	
  
	
  
tES	
   	
   Transcranial	
  Electrical	
  Stimulation	
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TMS	
   	
   Transcranial	
  Magnetic	
  Stimulation	
  
	
  
tRNS	
   	
   Transcranial	
  Random	
  Noise	
  Stimulation	
  	
  
	
  
VPL	
  	
   	
   Visual	
  Perceptual	
  Learning	
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