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Abstract	  

Objectives:	  The	  effect	  of	  acute	  transcranial	  direct	  current	  stimulation	  (tDCS)	  on	  cortical	  

attention	  networks	  remains	  unclear.	  We	  examined	  the	  effect	  of	  20	  minutes	  of	  2mA	  

prefrontal	  dorsolateral	  prefrontal	  cortex	  (DLPFC)	  tDCS	  (bipolar	  balanced	  montage)	  on	  the	  

efficiency	  of	  alerting,	  orienting	  and	  executive	  attention	  networks	  measured	  by	  the	  

attention	  network	  test	  (ANT).	  	  

Materials	  and	  Methods:	  A	  between-‐subjects	  stratified	  randomised	  design	  compared	  

active	  tDCS	  vs.	  sham	  tDCS	  on	  attention	  network	  function	  in	  healthy	  young	  adults.	  

Results:	  Executive	  attention	  was	  greater	  following	  active	  vs.	  sham	  stimulation	  (d=	  0.76)	  in	  

the	  absence	  of	  effects	  on	  alerting,	  orienting	  or	  global	  RT	  or	  error	  rates.	  Group	  differences	  

were	  not	  moderated	  by	  state-‐mood.	  	  

Conclusion(s):	  20	  minutes	  of	  active	  2mA	  tDCS	  over	  left	  DLPFC	  is	  associated	  with	  greater	  

executive	  attention	  in	  healthy	  humans.	  
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Introduction	  

The	  functional	  neuro-‐architecture	  of	  the	  attention	  system	  features	  three	  separable	  

networks:	  alerting,	  orienting	  and	  executive	  attention/control	  [1].	  The	  alerting	  system	  is	  

spatially	  broad	  and	  facilitates	  distributed	  processing	  of	  temporally	  anticipated	  but	  not	  

spatially	  localized	  events,	  and	  is	  associated	  with	  increased	  activity	  in	  thalamic,	  anterior	  

and	  posterior	  cortical	  sites	  networks.	  Orienting	  enables	  the	  selection/allocation	  of	  

resources	  towards	  the	  spatial	  location	  of	  anticipated/salient	  stimuli	  and	  activates	  parietal	  

cortex	  and	  frontal	  eye-‐fields.	  Executive	  control	  coordinates	  voluntary	  (over	  

involuntary/automatic)	  responses	  and	  activates	  lateral	  and	  medial	  prefrontal	  cortex	  (PFC)	  

and	  anterior	  cingulate	  cortices	  [2-‐3].	  	  

The	  prefrontal	  cortex	  (PFC)	  has	  long	  been	  considered	  to	  play	  a	  key	  role	  in	  the	  executive	  

control	  of	  attention.	  Early	  animal	  behavioural	  studies	  [e.g.	  4-‐5]	  describe	  the	  effects	  of	  

frontal	  damage	  as	  “a	  disruption	  of	  goal-‐directed	  behaviours”	  and	  recent	  clinical	  

neuropsychological	  studies	  in	  humans	  with	  PFC	  lesions	  reveal	  selective	  deficits	  in	  

executive	  attention	  [6-‐10].	  Neuroimaging	  studies	  reveal	  positive	  correlations	  between	  

neuronal	  activity	  in	  subregions	  of	  PFC	  and	  executive	  control	  (for	  review,	  see	  [11]).	  Taken	  

together,	  extant	  evidence	  implicates	  PFC	  in	  executive	  attention	  control	  [12].	  	  

tDCS	  is	  a	  non-‐invasive	  brain	  stimulation	  method,	  which	  alters	  cortical	  tissue	  ‘excitability’	  

through	  applying	  a	  weak	  (0.5-‐2mA)	  constant	  direct	  current	  via	  scalp	  electrodes	  to	  the	  

cortical	  region	  of	  interest	  (13).	  In	  contrast	  to	  other	  neurostimulation	  modalities,	  tDCS	  

does	  not	  directly	  trigger	  action	  potentials	  in	  neuronal	  cells,	  but	  instead	  changes	  overall	  

tissue	  excitability	  [14].	  Transcranial	  magnetic	  stimulation	  (TMS)	  of	  cortical	  attention	  

networks	  selectively	  modulates	  corresponding	  behavioural	  performance	  measures	  [15].	  

However,	  recent	  meta-‐analysis	  [16]	  suggests	  the	  effects	  of	  acute	  transcranial	  direct	  
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current	  stimulation	  (tDCS)	  remains	  unclear	  [16]	  and	  highlights	  the	  need	  for	  future	  studies	  

to	  i)	  include	  performance	  measures	  that	  can	  dissociate	  the	  selective	  effects	  of	  tDCS	  

across	  attention	  networks	  and	  ii)	  examine	  state-‐dependent	  variables	  that	  might	  

moderate	  the	  effects	  of	  tDCS	  on	  cognition	  (see	  [17]).	  Stimulation	  of	  posterior	  parietal	  

cortex	  modulates	  orienting	  networks	  [18],	  but	  a	  corresponding	  effect	  of	  PFC	  tDCS	  on	  

executive	  attention	  has	  not	  been	  demonstrated	  [18].	  Other	  studies	  have	  examined	  the	  

effects	  of	  tDCS	  on	  attention	  to	  emotional	  information	  and	  provide	  evidence	  that	  20	  

minutes	  of	  active	  DLPFC	  tDCS	  with	  a	  bipolar	  balanced	  montage	  can	  reduce	  vigilance	  to	  

threat	  [19],	  and	  that	  17	  minute	  1mA	  monopolar	  stimulation	  of	  left	  PFC	  can	  enhance	  

attention	  training	  procedures	  that	  direct	  attention	  away	  from	  threat	  stimuli	  [20].	  	  	  	  

	   We	  examined	  the	  effect	  of	  20	  minutes	  of	  2mA	  prefrontal	  DLPFC	  tDCS	  on	  the	  

efficiency	  of	  alerting,	  orienting	  and	  executive	  attention	  networks	  measured	  by	  the	  

attention	  network	  test	  (ANT)	  [21]	  -‐	  a	  cued	  reaction	  time	  flanker	  task	  that	  requires	  

participants	  to	  make	  a	  swift	  response	  to	  central	  targets	  (flanked	  by	  distracter	  stimuli)	  

cued	  by	  temporal-‐onset	  (alerting)	  and/or	  spatial	  (orienting)	  visual	  stimuli.	  The	  Attention	  

Network	  Test	  (ANT)	  is	  a	  well-‐established	  and	  widely	  used	  simple,	  computerised	  task	  that	  

combines	  a	  flanker	  task	  and	  a	  cued-‐reaction	  time	  task.	  Participants	  make	  a	  speeded	  

response	  to	  classify	  the	  direction	  of	  a	  central	  arrow,	  which	  is	  flanked	  by	  two	  pairs	  of	  

arrows	  that	  either	  point	  in	  the	  same	  direction	  as	  the	  target	  arrow	  (congruent	  condition)	  

or	  in	  the	  opposite	  direction	  (incongruent	  condition).	  The	  ANT	  has	  subsequently	  been	  used	  

to	  characterise	  attentional	  deficits	  in	  alerting,	  orienting	  and	  executive	  attention	  in	  healthy	  

individuals,	  and	  at-‐risk/clinical	  groups	  [e.g.22].	  	  

Consistent	  with	  animal,	  PFC	  lesion	  studies	  in	  humans	  [6-‐10;	  23]	  and	  functional	  

neuroimaging	  evidence	  we	  predicted	  that	  a	  20-‐minute	  session	  of	  active	  prefrontal	  tDCS	  
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would	  selectively	  improve	  executive	  attention	  control	  compared	  to	  sham	  tDCS.	  Following	  

recommendations	  from	  recent	  meta-‐analyses	  [e.g.	  16]	  we	  used	  a	  robust	  physical	  and	  

mental	  health	  screening	  procedure	  to	  match	  groups,	  examined	  subjective	  and	  autonomic	  

state-‐dependent	  measures	  of	  mood/arousal	  at	  baseline	  and	  post-‐stimulation,	  and	  

examined	  retrospective	  expectancies	  about	  stimulation	  condition	  that	  might	  have	  	  

affected	  predicted	  training	  effects.	  	  	  

Method	  

Participants:	  Thirty	  healthy	  volunteers	  were	  recruited	  through	  online	  adverts	  and	  

randomized	  (by	  gender)	  to	  receive	  either	  2mA	  active	  tDCS	  (n	  =	  15;	  10	  females,	  5	  males;	  

mean	  age	  =	  20.8	  years,	  SD=1.8)	  or	  non-‐active	  sham	  stimulation	  (n	  =	  15;	  11	  females,	  4	  

males;	  mean	  age	  =	  21.5	  years,	  SD=2.9).	  Participants	  underwent	  a	  telephone	  health	  screen	  

prior	  to	  the	  testing	  session	  and	  a	  mental	  health	  screen	  on	  the	  day	  of	  the	  study	  session,	  

using	  a	  structured	  diagnostic	  interview	  (Mini	  International	  Neuropsychiatric	  Interview	  

MINI;	  [24].	  A	  physical	  health	  checklist	  screened	  participants	  against	  current	  and	  lifetime	  

physical	  illness	  exclusion	  criteria.	  Eligible	  participants	  were	  required	  to	  be	  aged	  18-‐55	  

years.	  All	  participants	  were	  right	  handed.	  Exclusion	  criteria	  included	  metal	  or	  electronic	  

implants,	  epilepsy,	  recent	  medication	  (past	  8	  weeks	  bar	  topical	  treatment,	  paracetamol,	  

oral,	  injectable,	  or	  skin	  patch	  contraception),	  pregnancy,	  elevated	  blood	  pressure	  

(>140/90 mm Hg),	  cardiovascular	  disease,	  lifetime	  history	  of	  psychiatric	  

illness/alcohol/drug	  dependence,	  current	  smoker,	  body	  mass	  index	  (BMI)	  <18	  or	  

⩾28 kg/m2,	  and	  recent	  use	  of	  alcohol	  (confirmed	  by	  breath	  test).	  The	  research	  was	  

approved	  by	  the	  Ethics	  and	  Research	  Governance	  Committee,	  Department	  of	  Psychology,	  

University	  of	  Southampton	  and	  conducted	  in	  experimental	  laboratories	  with	  controlled	  

lighting	  and	  temperature	  in	  the	  Department	  of	  Psychology,	  Highfield	  Campus,	  
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Southampton.	  All	  procedures	  complied	  with	  the	  Helsinki	  Declaration	  of	  1975,	  as	  revised	  

in	  2008.	  Participants	  provided	  informed	  consent,	  were	  debriefed	  upon	  completion	  and	  

compensated	  with	  either	  “study	  participation	  credits”	  (if	  university	  students)	  or	  with	  

financial	  compensation	  at	  the	  rate	  of	  £6/hour.	  	  

Protocol	  (see	  Figure	  1):	  Before	  and	  after	  stimulation	  we	  measured	  participant	  mood	  

(positive	  and	  negative	  affect,	  PANAS,	  [25]),	  anxiety	  (modified	  GAD-‐7,	  [26]),	  subjective	  

alertness	  (visual	  analogue),	  heart	  rate	  and	  blood	  pressure.	  

The	  intervention	  was	  a	  20	  minute	  double-‐blind	  2mA	  stimulation	  with	  a	  bipolar-‐balanced	  

montage	  (anode	  centred	  over	  left	  DLPFC1,	  F3,	  cathode	  centred	  over	  right	  DLPFC,	  F4)	  or	  

non-‐active	  sham	  tDCS	  (HDCkit,	  Magstim,	  UK).	  To	  increase	  the	  power	  of	  our	  study	  to	  

detect	  predicted	  effects	  we	  utilised	  a	  comparatively	  high	  current	  intensity	  of	  2mA	  with	  

4x4cm	  electrodes	  encased	  in	  saline	  soaked	  sponge	  pads	  to	  achieve	  a	  current	  density	  =	  

0.125mA/cm2	  (akin	  to	  [19,	  27]	  and	  larger	  than	  current	  densities	  reported	  in	  recent	  meta-‐

analyses	  [16]).	  In	  the	  active	  condition	  the	  stimulator	  supplied	  the	  2mA	  current	  for	  20	  

minutes.	  In	  the	  sham	  condition	  2mA	  stimulation	  was	  ramped	  up	  and	  delivered	  for	  the	  

first	  15	  seconds	  only.	  The	  participant	  was	  instructed	  to	  remain	  seated,	  relaxed	  and	  refrain	  

from	  any	  motor	  activity	  for	  the	  duration	  of	  the	  stimulation.	  Immediately	  after	  stimulation	  

(active	  or	  sham)	  physiological	  and	  subjective	  measures	  were	  collected	  (peak	  effects).	  

Participants	  then	  completed	  the	  ANT	  (commencing	  within	  2	  minutes	  of	  stimulation	  

offset),	  which	  lasted	  approximately	  20	  minutes.	  	  

Attention	  Network	  Test	  (see	  Figure	  2).	  A	  central	  fixation	  cross	  was	  presented	  for	  400–

1600	  ms,	  followed	  by	  a	  cue	  for	  100	  ms	  (except	  on	  no-‐cue	  trials).	  400	  ms	  after	  cue	  offset	  

(500ms	  in	  no-‐cue	  trials),	  target	  and	  flanker	  arrows	  were	  displayed	  until	  response.	  Centre	  

                                                
1 Though electrodes were centred over F3 and F4 to maximise stimulation of DLPFC we acknowledge that 
stimulation likely extended beyond these sites to broader PFC.  
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and	  double	  cues	  (appearing	  above	  and	  below	  fixation)	  signalled	  target	  onset.	  Spatial	  cues	  

(displayed	  either	  above	  or	  below	  fixation)	  signalled	  the	  onset	  and	  spatial	  location	  of	  

target	  arrows.	  Targets	  were	  flanked	  by	  a	  pair	  of	  distracter	  arrows	  that	  pointed	  in	  the	  

same	  (congruent)	  or	  opposite	  (incongruent)	  direction	  as	  the	  target.	  Participants	  

completed	  8	  practice	  trials	  and	  128	  randomized	  experimental	  trials	  (16	  counterbalanced	  

trials/cue-‐type	  condition).	  Stimuli	  were	  presented	  using	  Inquisit	  2.	  

See	  Figure	  1	  for	  study	  overview	  and	  Figure	  2	  for	  summary	  of	  trial	  events	  in	  the	  Attention	  

Network	  Test.	  	  
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Figure	  1	  Study	  overview.	  
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Data	  Analysis	  	  

Incorrect	  responses	  (0.8%)	  and	  RTs	  greater	  than	  1000ms	  (1.6%,	  identified	  as	  outliers	  using	  

boxplots)	  were	  removed	  (with	  no	  difference	  between	  groups,	  F’s	  <1).	  The	  alerting	  effect	  

was	  calculated	  by	  subtracting	  the	  mean	  RT	  from	  double-‐cue	  trials	  from	  the	  mean	  RT	  on	  

no-‐cue	  trials	  (RT(no-‐cue)	  –	  RT(double-‐cue)).	  The	  orienting	  effect	  was	  calculated	  by	  

subtracting	  the	  mean	  RT	  on	  spatial-‐cue	  trials	  from	  the	  mean	  RT	  on	  centre	  cue	  trials	  

(RT(center-‐cue)	  –	  RT(spatial-‐cue)).	  The	  executive	  control	  effect	  was	  calculated	  by	  

subtracting	  the	  mean	  RT	  of	  all	  congruent	  trials,	  from	  the	  mean	  RT	  of	  incongruent	  trials	  

(RT(incongruent)	  –	  RT(congruent)).	  Large	  positive	  alerting	  and	  orienting	  scores	  reflect	  
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increased	  alerting	  and	  orienting	  network	  function	  respectively.	  Conversely	  low	  positive	  

execute	  control	  scores	  reflect	  improved	  executive	  control	  (i.e.	  reduced	  effect	  of	  flanker	  

distractors	  on	  incongruent	  vs.	  congruent	  trials).	  	  

Independent	  samples	  t-‐tests	  compared	  active	  and	  sham	  tDCS	  groups	  on	  baseline	  and	  

post-‐stimulation	  anxiety,	  mood,	  heart	  rate	  and	  blood	  pressure.	  Separate	  2(Group:	  active	  

vs.	  sham)	  x	  2	  (Time:	  baseline	  vs.	  post-‐stimulation)	  mixed	  design	  analyses	  of	  variance	  

(ANOVA)s	  tested	  for	  group	  differences	  in	  anxiety,	  mood,	  heart	  rate	  and	  blood	  pressure	  

over	  time.	  	  	  	  

Reaction	  time	  data	  was	  entered	  into	  an	  omnibus	  2(Group:	  active	  vs.	  sham)	  x	  4(Cue-‐type:	  

spatial,	  double,	  central,	  no	  cue)	  x	  2(Congruence:	  congruent	  vs.	  incongruent)	  ANOVA.	  This	  

omnibus	  analysis	  tests	  for	  group	  differences	  in	  global	  reaction	  time	  (i.e.	  main	  effect	  of	  

Group)	  and	  interactions	  that	  would	  reflect	  a	  selective	  effect	  of	  group	  on	  task	  

performance.	  Three	  separate	  independent	  samples	  t-‐tests	  compared	  active	  vs.	  sham	  tDCS	  

groups	  on	  alerting,	  orienting	  and	  executive	  control	  attention	  network	  scores.	  All	  analyses	  

were	  performed	  using	  SPSS	  software	  v23.	  

Results	  

Effects	  of	  2mA	  anodal	  tDCS	  of	  the	  left	  DLPFC	  on	  mood	  and	  anxiety	  levels	  

Independent	  samples	  t-‐tests	  indicate	  that	  the	  active	  and	  sham	  tDCS	  groups	  did	  not	  

significantly	  differ	  on	  measures	  of	  pre-‐existing	  (nor	  post-‐stimulation)	  anxiety	  (GAD-‐7),	  

mood	  (PANAS),	  or	  alertness,	  nor	  in	  heart	  rate	  or	  blood	  pressure	  (F’s	  (1,28)	  <3.41,	  p’s>.08,	  

see	  Table	  1).	  ANOVA	  suggested	  that	  anxiety	  (GAD-‐7),	  negative	  affect	  (PANAS-‐neg)	  and	  

blood	  pressure	  were	  unaffected	  by	  Time,	  Group	  and	  their	  interaction	  (Fs(1,	  28)	  <	  2.49,	  ps	  

>	  .126).	  ANOVA	  provided	  evidence	  that	  across	  participants	  positive	  affect,	  alertness	  and	  
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heart	  rate	  decreased	  from	  baseline	  to	  post-‐stimulation	  (Fs(1,28)	  >	  6.67,	  ps	  >	  .015),	  but	  

there	  were	  no	  effects	  of	  Group	  (Fs(1,28)	  <	  3.59,	  ps	  >	  .07),	  nor	  Group	  x	  Time	  interaction	  

Fs(1,28)	  <	  1.56,	  ps	  >	  .22.	  Taken	  together	  these	  results	  suggest	  that	  tDCS	  and	  sham	  groups	  

were	  well	  matched	  at	  baseline,	  but	  that	  tDCS	  did	  not	  modulate	  anxiety,	  mood	  nor	  

autonomic	  arousal	  compared	  to	  sham	  stimulation.	  

Consequently	  any	  observed	  differences	  in	  attention	  network	  function	  cannot	  be	  

attributed	  to	  unanticipated	  group	  differences	  in	  mood	  or	  arousal	  at	  baseline	  nor	  post-‐

stimulation.	  	  

ANT	  

The	  omnibus	  group(2)	  x	  cue-‐type(4)	  x	  congruence(2)	  ANOVA	  revealed	  a	  main	  effect	  of	  cue	  

type	  (F(3,84)=22.85,	  p	  <.001)	  characterized	  by	  faster	  RTs	  on	  spatial	  cue	  trials	  (m	  =	  

498msec)	  compared	  to	  double	  (m	  =	  524msec)	  and	  central	  (m	  =	  522)	  cue	  trials,	  which	  in	  

turn	  were	  faster	  than	  no-‐cue	  trials	  (m	  =	  543),	  (p’s	  <	  .01).	  There	  was	  also	  a	  main	  effect	  of	  

congruency	  –	  characterised	  by	  quicker	  reaction	  times	  on	  congruent	  vs.	  incongruent	  trials	  

(F(1,28)=336.94,	  p	  <.001).	  An	  interaction	  between	  congruency	  and	  tDCS	  group	  

(F(1,28)=4.27,	  p	  <.05)	  was	  characterised	  by	  faster	  RTs	  on	  incongruent	  trials	  following	  

active	  vs.	  sham	  tDCS	  compared	  to	  congruent	  trials.	  	  All	  other	  effects	  were	  non-‐significant	  

(Fs	  <	  1.18,	  ps	  >	  .32).	  Global	  RT	  and	  error	  rate	  were	  unaffected	  by	  stimulation	  condition,	  Fs	  

<	  1.	  

	  

A	  series	  of	  three	  separate	  independent	  samples	  t-‐tests	  compared	  active	  vs.	  Sham	  tDCS	  

groups	  on	  alerting,	  orienting	  and	  executive	  control	  attention	  network	  scores.	  Executive	  

attention	  control	  network	  scores	  were	  lower	  (reflecting	  greater	  executive	  attention	  

control)	  following	  active	  vs.	  sham	  stimulation	  t(28)	  =	  2.06,	  p	  =	  .04,	  d	  =	  0.76,	  see	  Figure	  3.	  
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Alerting	  and	  orienting	  attention	  network	  function	  were	  unaffected	  by	  stimulation	  

condition,	  see	  Table	  2	  and	  Figure	  3.	  Group	  differences	  were	  not	  moderated	  by	  

baseline/change	  in	  mood,	  alertness,	  heart	  rate	  or	  blood	  pressure.	  

Supplementary	  analyses	  examined	  whether	  group	  differences	  in	  alerting	  and	  orienting	  

were	  moderated	  by	  ‘target	  congruence’	  (i.e.	  whether	  group	  differences	  were	  observed	  on	  

easier	  congruent	  trials	  but	  not	  more	  challenging	  incongruent	  trials).	  Separate	  2	  (Group)	  x	  

2(congruence)	  ANOVAs	  on	  alerting	  and	  orienting	  scores	  did	  reveal	  significant	  effects	  of	  

congruency	  (F(1,28)=17.28,	  p	  <.001;	  F(1,28)=11.71,	  p<.01)	  on	  alerting	  	  and	  orienting	  

respectively,	  with	  better	  performance	  on	  congruent	  as	  compared	  to	  incongruent	  trials	  

(consistent	  with	  the	  main	  effect	  of	  Congruence	  revealed	  in	  the	  omnibus	  ANOVA).	  There	  

were	  no	  effects	  of	  tDCS	  group	  nor	  congruency	  x	  group	  interactions	  (F’s	  <0.01,	  p’s	  >.95)	  

and	  consequently	  there	  was	  no	  evidence	  that	  tDCS	  affected	  alerting	  and	  orienting	  

attention	  network	  function	  (on	  easier	  congruent,	  or	  more	  challenging	  incongruent	  trials).	  

Blinding	  

Participants	  could	  retrospectively	  identify	  their	  stimulation	  condition	  (Active	  12/15	  

correct;	  Sham	  12/15	  correct).	  The	  effect	  of	  tDCS	  vs.	  sham	  on	  executive	  attention	  was	  

greater	  in	  participants	  who	  were	  aware	  of	  their	  stimulation	  condition	  (d(aware,	  n	  =	  24)	  =	  0.96	  

vs.	  d(all,	  n=36)	  =	  0.76).	  The	  perceived	  stimulation	  group	  had	  a	  smaller	  effect	  on	  executive	  

control	  t(28)	  =	  1.82,	  p	  =	  .08,	  d	  =	  0.69	  	  and	  no	  effect	  on	  other	  performance	  measures,	  

mood,	  alertness	  and	  heart	  rate/blood	  pressure	  t’s	  <	  1.	   	  



 

	  

Table	  1	  	  

Effects	  of	  active	  vs.	  sham	  tDCS	  on	  mood	  state,	  arousal	  and	  attention	  network	  function.	  	  

	   	   	   Active	  tDCS	   Sham	  tDCS	   	  

	   	   	   n=15	  	  

10	  females	  

mean	  age	  =	  

20.8yrs	  (SD=1.8)	  

n=15	  

11	  females	  

mean	  age	  =	  

21.5yrs	  (SD=2.9)	  

	  

State	  measure	   Time	   	   M	   SD	   M	   SD	   t(28)=	  

GAD7(Anxiety)	   Baseline	   	   15.95	   15.06	   18.02	   11.77	   0.42	  (p=.68)	  

	   Post-‐stim.	   	   14.53	   14.78	   14.38	   13.04	   0.03	  (p=.98)	  

PANAS-‐P	  
(Positive	  
Affect)	  

Baseline	   	   23.73	   6.23	   27.80	   6.21	   1.79	  (p=.08)	  

	   Post-‐stim.	   	   21.40	   6.09	   24.60	   5.47	   1.51	  (p=.14)	  

PANAS-‐N	  
(Negative	  
Affect)	  

Baseline	   	   12.13	   2.30	   12.13	   2.56	   0.01	  (p>.99)	  

	   Post-‐stim.	   	   11.33	   2.00	   12.80	   5.93	   0.91	  (p=.37)	  

Alertness	   Baseline	   	   94.73	   20.08	   106.60	   27.42	   1.35	  (p=.19)	  

	   Post-‐stim.	   	   68.73	   25.40	   84.47	   35.16	   1.41	  (p=.17)	  

HR	  (BPM)	  	   Baseline	   	   76.67	   9.45	   73.27	   10.67	   0.92	  (p=.36)	  

	   Post-‐stim.	   	   68.67	   11.56	   69.67	   9.44	   0.26	  (p=.80)	  

SBP	   Baseline	   	   118.87	   13.86	   115.60	   12.27	   0.66	  (p=.52)	  

	   Post-‐stim.	   	   117.73	   22.98	   113.67	   11.34	   0.62	  (p=.54)	  

DBP	   Baseline	   	   67.33	   9.85	   68.93	   6.93	   0.02	  (p=.99)	  

	   Post-‐stim.	   	   71.93	   23.38	   66.47	   8.55	   0.85	  (p=.40)	  



 

	  

Table	  2	  

Mean	  Reaction	  Times	  in	  each	  cue	  type	  x	  congruence	  condition	  in	  Active	  and	  Sham	  tDCS	  

groups.	  

	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  Active	  tDCS	   	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  Sham	  tDCS	  

	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  n=15	   	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  n=15	  

	   M	   SD	   M	   SD	   t(28)	  =	  

Central	  cue	  congruent	   472.5	   101	   482.6	   75.4	   	  0.31,	  p	  =	  .76	  

Central	  cue	  incongruent	  	   557.6	   84.0	   573.6	   62.3	   	  0.59,	  p	  =	  .59	  	  

Double	  cue	  congruent	  	   461.3	   71.8	   471.8	   67.0	   	  0.37,	  p	  =	  .71	  	  

Double	  cue	  incongruent	  	   559.0	   92.0	   603.1	   60.0	   	  1.56,	  p	  =	  .13	  	  

Spatial	  cue	  congruent	  	   466.1	   82.8	   473.7	   75.0	   	  0.26,	  p	  =	  .79	  	  

Spatial	  cue	  incongruent	  	   518.6	   76.0	   533.4	   63.4	   	  0.58,	  p	  =	  .57	  	  

No	  cue	  congruent	  	   501.5	   89.6	   513.3	   79.4	   	  0.38,	  p	  =	  .71	  	  

No	  cue	  incongruent	  	   558.2	   91.9	   597.4	   75.5	   	  1.28,	  p	  =	  .21	  	  
	  

Error	  Rate	  	   0.04	   0.04	   0.02	   0.02	   1.56	  (p=.13)	  

Mean	  RT	   462.10	   62.57	   501.94	   48.56	   0.88	  (p=.43)	  
	  

Attention	  Network	  Performance	   	  

Alerting	   19.71	   23.98	   17.90	   31.86	   0.18	  (p=.86)	  

Orienting	   22.67	   25.66	   24.52	   27.44	   0.19	  (p=.85)	  

Executive	  Control	  	   72.99	   21.55	   91.51	   27.21	   2.06	  (p<.05)	  



 

	  

	  

	  	  

	  
	  

Figure	  3	  Selective	  effect	  of	  tDCS	  vs.	  sham	  on	  executive	  control.	  

Discussion	  

Executive	  attention	  on	  the	  ANT	  was	  superior	  following	  20	  minutes	  of	  2mA	  anodal	  tDCS	  of	  

left	  DLPFC	  using	  a	  balanced	  montage,	  when	  compared	  to	  sham	  stimulation.	  These	  findings	  

support	  evidence	  from	  neuroimaging	  studies	  that	  implicate	  PFC	  in	  executive	  attention	  

during	  the	  ANT	  (e.g.	  [2]).	  The	  effects	  of	  tDCS	  on	  executive	  control	  complement	  findings	  from	  

other	  studies	  in	  healthy	  volunteers,	  including	  evidence	  that	  10	  minutes	  of	  anodal	  1.5	  mA	  

tDCS	  over	  the	  pre-‐	  supplementary	  motor	  area	  improves	  inhibitory	  control	  in	  a	  stop-‐signal	  

task	  (vs.	  cathodal	  tDCS	  and	  no	  stimulation	  control;	  [28]);	  that	  10	  minutes	  of	  1	  mA	  left	  anodal	  

tDCS	  of	  DLPFC	  reduces	  distraction	  in	  a	  Sternberg	  memory	  task;	  and	  that	  anodal	  tDCS	  of	  the	  

left	  DLPFC	  enhances	  computerised	  attentional	  bias	  training	  towards	  and	  away	  from	  target	  

stimuli	  [20]	  and	  reduces	  	  eye	  fixation	  durations	  to	  threat	  [27].	  Our	  findings	  also	  extend	  

recent	  findings	  from	  studies	  that	  have	  specifically	  examined	  the	  effect	  of	  tDCS	  on	  ANT	  

* 

Alerting	  =	  RT(no-‐cue)	  –	  RT(double-‐cue).	  
Orienting=	  RT(center-‐cue)	  –	  RT(spatial-‐cue).	  
Executive	  control	  =RT(incongruent)	  –	  RT(congruent).	  



 

	  

performance.	  Roy	  et	  al	  [29]	  found	  tDCS	  of	  the	  right	  parietal	  cortex	  increased	  spatial	  re-‐

orienting,	  while	  tDCS	  of	  the	  other	  cortical	  targets	  (left	  parietal	  and	  dorsolateral)	  did	  not	  

modulate	  alerting	  nor	  executive	  attention	  control	  –	  perhaps	  reflecting	  ceiling	  effects	  in	  high	  

functioning	  healthy	  participants.	  Consequently	  positive	  effects	  in	  our	  study	  (and	  [19,27])	  

might	  reflect	  the	  higher	  current	  intensity	  and	  density	  required	  to	  modify	  attention	  in	  

healthy	  adults	  (2mA	  vs.	  1.5mA	  in	  Roy	  et	  al	  [29]).	  	  

We	  did	  not	  observe	  any	  effects	  of	  tDCS	  on	  mood	  or	  anxiety,	  consistent	  with	  null	  effects	  

observed	  in	  other	  acute	  administration	  tDCS	  studies	  (e.g.	  [30]).	  Large	  standard	  deviations	  

(see	  table	  1)	  might	  reflect	  large	  individual	  differences	  in	  mood	  and	  arousal	  that	  mask	  small	  

effects	  of	  tDCS	  group.	  We	  selected	  short	  established	  measures	  of	  anxiety,	  mood	  and	  arousal	  

and	  administered	  these	  immediately	  after	  stimulation	  in	  fixed	  order	  (and	  typically	  

completed	  within	  2	  minutes	  before	  the	  ANT	  commenced).	  These	  instruments	  might	  lack	  

sensitivity	  required	  to	  detect	  small	  changes	  in	  mood	  over	  time,	  however	  it	  is	  more	  likely	  the	  

evidence	  to	  date,	  together	  with	  our	  own	  findings,	  suggest	  that	  acute	  tDCS	  administration	  

may	  not	  achieve	  reliable	  changes	  in	  mood	  to	  the	  extent	  seen	  following	  	  repeated	  

administration	  in	  clinical	  groups	  [e.g.31].We	  did	  not	  include	  an	  active	  control	  site	  or	  low	  

current	  control	  condition	  to	  test	  for	  dose	  response,	  and	  participants	  were	  able	  (when	  asked)	  

to	  retrospectively	  discriminate	  stimulation	  condition.	  The	  lack	  of	  an	  off-‐target	  active	  control	  

condition	  (OAS)	  is	  a	  limitation	  particularly	  if	  unsuccessful	  blinding	  increases	  demand	  

characteristics	  	  (e.g.	  increased	  motivation	  to	  perform	  well).	  In	  our	  study,	  though	  demand	  

characteristics	  cannot	  be	  excluded,	  participants	  in	  the	  active	  condition	  did	  not	  display	  

significant	  improvements	  in	  global	  reaction	  times	  or	  error	  rates	  in	  any	  of	  the	  trial	  types,	  nor	  

any	  improvements	  in	  mood	  thus	  suggesting	  the	  effect	  of	  anodal	  tDCS	  on	  the	  executive	  

control	  occurred	  independently	  of	  mood	  or	  motivation.	  Consequently	  we	  offer	  evidence	  



 

	  

that	  2mA	  DLPFC	  stimulation	  selectively	  modulates	  the	  executive	  attention	  subtest	  of	  the	  

ANT.	  Future	  research	  should	  examine	  whether	  the	  effect	  of	  tDCS	  of	  DLPFC	  on	  executive	  

attention	  is	  enhanced	  during	  concomitant	  stimulation	  (see	  [32]),	  repeated	  administration	  

and	  higher	  current	  density,	  and	  whether	  these	  positive	  effects	  generalise	  across	  behavioural	  

measures	  of	  executive	  attention,	  and	  varying	  cognitive	  loads.	  Previous	  studies	  have	  used	  

the	  ANT	  to	  reveal	  deficits	  in	  executive	  attention	  in	  anxiety,	  depression	  and	  chronic	  pain	  e.g.	  

fibromyalgia	  (e.g.	  [33]).	  Interestingly,	  recent	  evidence	  suggests	  20	  minutes	  of	  anodal	  tDCS	  

(1mA)	  over	  left	  DLPFC	  (vs.	  sham)	  can	  selectively	  improve	  executive	  attention	  and	  orienting	  

performance	  in	  patients	  with	  fibromyalgia	  [34]	  raising	  the	  possibility	  that	  our	  stimulation	  

protocol	  might	  improve	  executive	  attention	  deficits	  in	  populations	  characterised	  by	  

impaired	  executive	  attention	  on	  the	  ANT,	  including	  patients	  with	  mood	  and	  anxiety	  

disorders.	  



 

	  

	  

Acknowledgements	  

We	  would	  like	  to	  thank	  Laura	  Fisher	  and	  Lydia	  Severinsen	  (University	  of	  Southampton)	  for	  

their	  help	  with	  data	  collection.	  

	   	  



 

	  

References	  

[1]	  Fan	  J,	  McCandliss	  BD,	  Sommer	  T,	  Raz	  A,	  Posner	  MI.	  Testing	  the	  efficiency	  and	  

independence	  of	  attentional	  networks.	  J.	  Cognitive	  Neurosci	  2002;	  14(3):	  340-‐47.	  

[2]	  Fan	  J,	  McCandliss	  BD,	  Fossella	  J,	  Flombaum	  JI,	  Posner	  MI.	  The	  activation	  of	  attentional	  

networks.	  Neuroimage	  2005;	  26(2):	  471-‐99.	  	  

[3]	  Xiao	  M,	  et	  al.	  Attention	  Performance	  Measured	  by	  Attention	  Network	  Test	  Is	  Correlated	  

with	  Global	  and	  Regional	  Efficiency	  of	  Structural	  Brain	  Networks.	  Front	  Behav	  Neurosci	  

2016;	  10;	  194:	  1-‐12.	  eCollection.	  

[4]	  Ferrier	  D.	  	  The	  functions	  of	  the	  brain.	  Smith	  Elder	  and	  Company;	  London:	  1876.	  

[5]	  Bianchi	  L.	  	  The	  mechanism	  of	  the	  brain	  and	  the	  function	  of	  the	  frontal	  lobes.	  E.	  &	  S.	  

Livingstone;	  Edinburgh:	  1922.	  

[6]	  Knight	  RT.	  (1984)	  Decreased	  response	  to	  novel	  stimuli	  after	  prefrontal	  lesions	  in	  

man.	  Electroencephalogr	  Clin	  Neurophysiol.	  	  59:9–20.	  

[7]	  Duncan	  J.	  (1986)	  Disorganization	  of	  behaviour	  after	  frontal	  lobe	  damage.	  Cogn	  

Neuropsychol	  3:270–290.	  

[8]	  Shallice	  T,	  Burgess	  PW.	  (1991)	  Deficits	  in	  strategy	  application	  following	  frontal	  lobe	  

damage	  in	  man.	  Brain.	  	  114(Pt	  2):727–741.	  

[9]	  Passingham	  R.	  	  The	  frontal	  lobes	  and	  voluntary	  action.	  Oxford	  University	  Press;	  Oxford:	  

1993.	  

[10]	  Grafman	  J.	  Alternative	  frameworks	  for	  the	  conceptualization	  of	  prefrontal	  lobe	  

functions.	  In:	  Boller	  FG,	  Grafman	  J,	  editors.	  Handbook	  of	  neuropsychology.	  Elsevier;	  

Amsterdam:	  1994.	  pp.	  187–202.	  



 

	  

[11]	  Schall	  JD	  (2002)	  The	  neural	  selection	  and	  control	  of	  saccades	  by	  the	  frontal	  eye	  

field.	  Philos	  Trans	  R	  Soc	  Lond	  B	  Biol	  Sci.	  357:1073–1082.	  	  

[12]	  Rossi,	  AF,	  Pessoa,	  L,	  Desimone,	  R,	  Ungerleider,	  LG.	  (2009).	  The	  prefrontal	  cortex	  and	  the	  

executive	  control	  of	  attention.	  Experimental	  Brain	  Research.	  Experimentelle	  Hirnforschung.	  

Experimentation	  Cerebrale,	  192(3),	  489–497.	  	  

[13]	  Nitsche,	  M.	  A.,	  &	  Paulus,	  W.	  (2000).	  Excitability	  changes	  induced	  in	  the	  human	  motor	  

cortex	  by	  weak	  transcranial	  direct	  current	  stimulation.	  The	  Journal	  of	  Physiology,	  527(Pt	  3),	  

633–639.	  http://doi.org/10.1111/j.1469-‐7793.2000.t01-‐1-‐00633.x	  

[14]	  Priori	  A,	  Hallett	  M,	  Rothwell	  JC.	  (2009).	  Repetitive	  transcranial	  magnetic	  stimulation	  or	  

transcranial	  direct	  current	  stimulation?	  Brain	  Stimul.	  2,	  241–24510.1016/j.brs.2009.02.004	  

	  [15]	  Chambers	  CD,	  Heinen	  K.	  (2010)	  TMS	  and	  the	  functional	  neuroanatomy	  of	  attention.	  

Cortex	  46(1):	  114–17.	  http://doi.org/10.1016/j.cortex.2009.03.002	  

[16]	  Horvath	  JC,	  Forte	  JD,	  Carter	  O.	  (2015)	  Quantitative	  Review	  Finds	  No	  Evidence	  of	  

Cognitive	  Effects	  in	  Healthy	  Populations	  From	  Single-‐session	  Transcranial	  Direct	  Current	  

Stimulation	  (tDCS).	  Brain	  Stimul	  8(3):	  535-‐50.	  doi:	  10.1016/j.brs.2015.01.400.	  	  

[17]	  Price	  AR,	  Hamilton	  RH	  (2015)	  A	  re-‐evaluation	  of	  the	  cognitive	  effects	  from	  single-‐

session	  transcranial	  direct	  current	  stimulation.	  Brain	  Stimulation	  8:663	  665.	  	  	  

[18]	  Roy	  LB,	  Sparing	  R,	  Fink	  GR,	  Hesse	  MD.	  (2012)	  Modulation	  of	  attention	  functions	  by	  

anodal	  tDCS	  on	  right	  PPC.	  Neuropsychologia;	  74:	  96-‐107.	  doi:	  

10.1016/j.neuropsychologia.2015.02.028.	  	  



 

	  

[19]	  Ironside	  M,	  O’Shea	  J,	  Cowen	  PJ,	  Harmer	  CJ.	  (2016)	  Frontal	  Cortex	  Stimulation	  Reduces	  

Vigilance	  to	  Threat:	  Implications	  for	  the	  Treatment	  of	  Depression	  and	  Anxiety.	  Biol.	  

Psychiatry	  79(10):	  823–30.	  

[20]	  Clarke	  PJF,	  Browning	  M,	  Hammond	  G,	  Notebaert	  L,	  MacLeod	  C.	  (2014)	  The	  causal	  role	  

of	  the	  dorsolateral	  prefrontal	  cortex	  in	  the	  modification	  of	  attentional	  bias:	  Evidence	  from	  

transcranial	  direct	  current	  stimulation.	  Biol	  Psychiat.	  76:	  946–52.	  doi:	  

10.1016/j.biopsych.2014.03.003.	  pmid:24690113	  

[21]	  Fan,	  J.,	  McCandliss,	  B.	  D.,	  Sommer,	  T.,	  Raz,	  A.,	  &	  Posner,	  M.	  I.	  (2002).	  Testing	  the	  

efficiency	  and	  independence	  of	  attentional	  networks.	  Journal	  of	  Cognitive	  Neuroscience,	  

14(3),	  340-‐7.	  doi:10.1162/089892902317361886	  

[22]	  Pancheco-‐Unguetti	  AP,	  Acosta	  A,	  Callejas	  A,	  Lupianez	  J.	  (2010).	  Attention	  and	  Anxiety:	  

different	  attentional	  functioning	  under	  state	  and	  trait	  anxiety.	  Psychol	  Sci.	  	  21(2):298-‐304.	  

[23]	  Szczepanski,	  S.	  M.,	  &	  Knight,	  R.	  T.	  (2014).	  Insights	  into	  Human	  Behavior	  from	  Lesions	  to	  

the	  Prefrontal	  Cortex.	  Neuron,	  83(5),	  1002–1018.	  

http://doi.org/10.1016/j.neuron.2014.08.011	  

[24]	  D.V.	  Sheehan,	  Y.	  Lecrubier,	  K.H.	  Sheehan,	  P.	  Amorim,	  J.	  Janavs,	  E.	  Weiller,	  	  et	  al.	  (1988)	  

The	  Mini-‐International	  Neuropsychiatric	  Interview	  (M.I.N.I.):	  the	  development	  and	  

validation	  of	  a	  structured	  diagnostic	  psychiatric	  interview	  for	  DSM-‐IV	  and	  ICD-‐10	  J	  Clin	  

Psychiatry,	  59	  (Suppl	  20)	  (1998),	  pp.	  22–33	  	  

	  [25]	  Watson	  D,	  Clark	  LA,	  Tellegen	  A.	  (1988)	  Development	  and	  validation	  of	  brief	  measures	  

of	  positive	  and	  negative	  affect:	  The	  PANAS	  scales.	  J	  Pers	  Soc	  Psychol	  54(6):	  1063-‐70.	  

[26]	  Kroenke	  K,	  Spitzer	  RL,	  Williams	  JB,	  Monahan	  PO,	  Löwe,	  B.	  (2007)	  Anxiety	  disorders	  in	  

primary	  care:	  prevalence,	  impairment,	  comorbidity,	  and	  detection.	  Ann.	  Intern.	  Med;	  

146(5):	  317-‐25.	  



 

	  

[27]	  Heeren	  A,	  Baeken	  C,	  Vanderhasselt	  M-‐A,	  Philippot	  P,	  de	  Raedt	  R	  (2015)	  Impact	  on	  

anodal	  and	  cathodal	  transcranial	  direct	  current	  stimulation	  over	  the	  left	  dorsolateral	  

prefrontal	  cortex	  during	  attention	  bias	  modification:	  an	  eye-‐tracking	  study.	  PLoS	  

One.	  	  10(4):e0124182	  

[28]	  Hsu	  T.-‐Y.,	  Tseng	  L.-‐Y.,	  Yu	  J.-‐X.,	  Kuo	  W.-‐J.,	  Hung	  D.	  L.,	  Tzeng	  O.	  J.,	  et	  al.	  

(2011).	  Modulating	  inhibitory	  control	  with	  direct	  current	  stimulation	  of	  the	  superior	  medial	  

frontal	  cortex.	  Neuroimage	  56,	  2249–2257.	  10.1016/j.neuroimage.2011.03.059	  

[29]	  Roy	  LB,	  Sparing	  R,	  Fink	  GR,	  Hese	  MD	  (2015)	  Modulation	  of	  attention	  functions	  by	  

anodal	  tDCS	  on	  right	  PPC.	  Neuropsychologia	  74,	  96-‐107	  	  

[30]	  Nitsche,	  M.	  A.,	  Koschack,	  J.,	  Pohlers,	  H.,	  Hullemann,	  S.,	  Paulus,	  W.,	  &	  Happe,	  S.	  (2012).	  

Effects	  of	  Frontal	  Transcranial	  Direct	  Current	  Stimulation	  on	  Emotional	  State	  and	  Processing	  

in	  Healthy	  Humans.	  Frontiers	  in	  Psychiatry,	  3,	  58.	  

http://doi.org/10.3389/fpsyt.2012.00058[31] Ferrucci	  R,	  Bortolomasi	  M,	  Vergari	  M,	  Tadini	  L,	  

Salvoro	  B,	  Giacopuzzi	  M,	  et	  al.	  Transcranial	  direct	  current	  stimulation	  in	  severe,	  drug-‐

resistant	  major	  depression.	  J	  Affect	  Disord.	  2009	  Nov;118(1–3):215–219.	  

[32]	  Strobach	  T,	  Soutschek	  A,	  Antonenko	  D,	  Flöel	  A,	  Schubert	  T.	  (2015)	  Modulation	  of	  

executive	  control	  in	  dual	  tasks	  with	  transcranial	  direct	  current	  stimulation	  (tDCS).	  

Neuropsychologia;	  68:	  8-‐20.	  doi:	  10.1016/j.neuropsychologia.2014.12.024.	  	  

[33]	  Pacheco-‐Unguetti,	  A.P.,	  Acosta,	  A.,	  Marqués,	  E.,	  &	  Lupiáñez,	  J.	  (2011).	  Alterations	  of	  the	  

attentional	  networks	  in	  patients	  with	  anxiety	  disorders.	  Journal	  of	  Anxiety	  Disorders,	  25:	  

888-‐895.	  	  

[34]	  Silva	  AF,	  Zortea	  M,	  Carvalho	  S,	  Leite	  J,	  Torres	  IL	  Fregni	  F,	  Caumo	  W.	  (2017)	  Anodal	  

transcranial	  direct	  current	  stimulation	  over	  the	  left	  dorsolateral	  prefrontal	  cortex	  modulates	  



 

	  

attention	  and	  pain	  in	  fibromyalgia:	  randomized	  clinical	  trial.	  Sci	  Rep.	  	  7(1):135.	  doi:	  

10.1038/s41598-‐017-‐00185-‐w.	  Epub	  2017	  Mar	  9.	  

	  

	  


