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EDITORIAL

Boosting  physical  exercise  with  cortical

stimulation  or  brain  doping  using  tDCS:
Fact  or  myth?
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In an  interview  for  The  Guardian  [22],  published  in  March
2015,  Sir  David  Brailsford,  the  manager  of  the  world’s  lead-
ing  British  professional  cycling  team  Sky,  stated  that  he  was
experimenting  with  ‘‘cranial  stimulation’’  and  was  inter-
ested  ‘‘in  research  that  suggests  cranial  stimulation  could
help  endurance  capacity’’.  This  was  referring  to  the  use  of
transcranial  direct  current  stimulation  (tDCS),  a  method  of
brain  stimulation  that  was  reintroduced  in  the  late  1990s
in  the  field  of  clinical  neurophysiology  [36,39].  This  nonin-
vasive  cortical  stimulation  technique  consists  of  delivering
a  low  intensity  current  (1-2  mA)  transcranially,  which  mod-
ulates  the  excitability  of  brain  circuits  by  modifying  the
resting  membrane  potential,  leading  to  either  excitatory
depolarization  or  inhibitory  hyperpolarization  [29,30].  This
technique  is  safe  [5]  and  sufficiently  effective  to  be  applied
for  therapeutic  purposes  [32,33,43].

Referring  to  tDCS,  Dave  Brailsford  mentioned  that  ‘‘the
military  have  been  using  it  for  their  snipers  to  reduce  the
time  it  takes  them  to  acquire  a  skill.  What  they  are  sug-
gesting  is  that  this  increases  the  plasticity  of  the  cortex  to
enable  fast-track  learning.  They  think  that  it  can  override
the  brain’’  [22].  Dave  Brailsford  also  mentioned  a  personal

experience,  claiming  that  the  delivery  of  an  electrical  cur-
rent  by  electrodes  placed  on  his  head  while  playing  darts
had  allowed  him  to  improve  his  play.  This  interview  paved
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he  way  for  media  buzz  around  the  use  of  techniques  of  cra-
ial  stimulation  as  a  method  of  ‘‘brain  doping’’  in  the  field
f  sport  [11,18]. For  example,  one  year  after  The  Guardian’s
rticle,  the  journal  Nature  published  a  letter  in  which  a
ournalist  stated  that  preliminary  studies  showed  that  tDCS
ould  boost  sport  performance  [41].  The  article  reported
hat  the  US  Ski  and  Snowboard  Association  were  working
ith  a  start-up  company  focused  on  neurostimulation  tech-
ology  for  enhancing  cognitive  function  (Halo  Neuroscience,
an  Francisco,  CA,  USA)  to  test  ‘‘the  efficacy  of  a  device
hat  delivers  electricity  to  the  motor  cortex’’  and  ‘‘whether
timulating  the  brain  with  electricity  can  improve  the  per-
ormance  of  ski  jumpers  by  making  it  easier  for  them  to  hone
heir  skills’’.  The  article  mentioned  an  experiment  based
n  four  ski  jumpers  from  the  American  elite  national  team
ho  received  active  tDCS  during  their  training,  four  times  a
eek  for  two  weeks.  The  procedure  led  to  increasing  their

umping  force  by  70%  and  their  coordination  ability  by  80%,
ompared  to  3  other  members  of  the  US  team  who  received
ham  stimulation.  The  journalist  also  alleged  that  tDCS  could
mprove  recovery  from  injury  or  endurance,  since  ‘‘other
esearch  suggests  that  targeted  brain  stimulation  can  reduce
n  athlete’s  ability  to  perceive  fatigue’’  [41].

However,  is  the  impact  of  tDCS  on  physical  performance
nd  sport  competition  results  really  supported  by  scientifi-
ally  proven  facts?  The  first  study  reported  in  this  domain
13]  showed  that  anodal  tDCS  of  the  primary  motor  cor-
ex  (M1)  could  improve  endurance  time  of  an  elbow  flexion
ask  by  increasing  motivation  and  decreasing  fatigue-related
uscle  pain.  Further  studies  showed  that  anodal  tDCS  of
1  could  also  improve  strength  very  slightly  (+  3—5%),  but

ignificantly  more  than  sham  stimulation  [19]  or  at  least

n  a  more  prolonged  manner  [20].  One  study  showed  an
ncreased  mean  power  output  during  a  sprint  cycling  task,
hich  was  significantly  greater  after  anodal  vs.  cathodal  but
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ot  sham  tDCS  [42].  Conversely,  in  another  study,  the  bene-
cial  effect  of  anodal  tDCS  of  M1  performed  during  a  cycling
ask  was  seen  in  terms  of  tolerance  to  effort  (the  time  to
xhaustion  (TTE)  being  prolonged),  but  not  power  output,
lectromyographic  activity,  mood  state,  or  heart  rate  [47].

One  group  found  that  anodal  tDCS  of  the  left  M1  could
ncrease  endurance  to  exercise  (prolonged  TTE)  and  reduce
atings  of  perceived  exertion  (RPE),  only  in  the  case  of  an
xtracephalic  cathode,  placed  at  the  shoulder  [3].  In  a  sub-
equent  study  [4],  the  same  group  showed  that  the  benefit
as  even  greater  in  the  case  of  bihemispheric  anodal  stimu-

ation  of  M1  (vs.  cathodal  or  sham  stimulation).  A  session  of
ilateral  anodal  stimulation  of  M1  was  also  shown  to  increase
eight,  peak  power,  and  flight  time  of  a  vertical  jumping
ask,  compared  to  cathodal  or  sham  procedures  [26].  In
nother  original  study,  the  combination  of  anodal  M1  stimu-
ation  with  visual  feedback  (mirror)  further  promoted  motor
erformance  [48],  according  to  the  motor  simulation  theory
10].

In  contrast,  there  was  no  difference  between  anodal
r  sham  tDCS  procedure  in  modulating  force  or  endurance
TTE)  of  an  isometric  task  of  elbow  flexion  in  one  study
24].  In  another  study,  only  a  subset  of  subjects  improved
heir  endurance  (increased  TTE)  when  anodal  tDCS  of  M1
as  performed  during  a  fatiguing  task  of  elbow  flexion,  but
t  the  expense  of  greater  muscle  fatigue  [52].  In  two  addi-
ional  studies  performed  in  recreational  endurance  runners
6]  and  cyclists  [7],  neither  anodal  nor  cathodal  tDCS  of
1  modified  the  physiological  responses  to  exercise  (includ-

ng  cardiorespiratory  variables,  such  as  heart  rate  increase
nd  oxygen  consumption)  nor  the  affective  responses,  per-
eived  exertion,  or  tolerance  to  effort.  Various  causes  can
xplain  the  variability  of  results  among  the  different  studies,
uch  as  stimulation  parameters  (e.g.,  duration,  intensity,
nd  arrangement  of  electrodes,  including  usual  bipolar
ontages  with  cephalic  or  extracephalic  reference  and  high-
efinition  Laplacian  montages),  poor  statistical  power  (the
aximum  sample  size  being  about  15  subjects  in  these  stud-

es),  the  nature  and  the  level  of  effort  requirement  of  the
hysical  exercise  task,  or  the  level  of  physical  fitness  and
ompetitive  status  of  the  enrolled  subjects.  For  example,
n  elite  athletes,  likely  because  of  a  ceiling  effect,  motor
erformance  (power  output)  cannot  be  improved  by  anodal
DCS  of  M1,  but  the  procedure  can  modulate  affective  or
ood  aspects,  as  recently  shown  in  a  study  on  8  male

riathletes  [46].  Thus,  various  studies  showed  a  reduction
f  exercise-induced  pain  but  no  improvement  in  force  pro-
uction  or  exercise  performance  or  endurance  (TTE)  after
nodal  tDCS  of  M1  [2,17].

Other  studies  aimed  at  assessing  the  effects  of  anodal
DCS  applied  to  the  left  dorsolateral  prefrontal  cortex
DLPFC).  For  example,  one  study  showed  in  10  recreation-
lly  trained  individuals  that  stimulation  of  the  left  DLPFC
mproved  muscular  endurance  and  reduced  the  ratings  of
erception  of  effort  (RPE)  in  the  repetition  of  an  elbow
exion  exercise  [25].  The  same  group  showed  an  increased
olerance  (TTE)  to  an  exercise  performed  in  a  cycloergome-
er  with  maximum  load  in  11  moderately  active  women,

ut  without  reduction  of  RPE  [27].  Another  study  showed
hat  anodal  tDCS  of  the  DLPFC  increased  post-exercise
xygen  consumption  [35].  One  group  showed  that  cathodal
DCS  over  the  left  DLPFC  improved  motor  learning  and
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erformance  in  the  practice  of  a  golf  putting  task  [55].
inally,  one  study  showed  no  effects  of  high-definition
DCS  delivered  to  the  DLPFC  (or  M1)  on  endurance  time
r  fatigue  indices  during  a  sustained  task  of  elbow  flexion
40]. However,  the  right  hemisphere  was  targeted.  Overall,
he  results  for  prefrontal  stimulation  appear  even  more
isparate  than  those  for  motor  stimulation.

Finally,  one  team  decided  to  target  the  left  temporo-
nsular  cortex  and  showed  that  anodal  tDCS  improved
xercise  performance  (peak  power  output),  reduced  the
ensory  perception  of  effort  (lower  RPE  increase),  and
elayed  parasympathetic  vagal  withdrawal  (measured  on
eart  rate  variability)  after  a  cycling  exercise  test  in  10
rained  cyclists  [37].  However,  in  a  subsequent  study  per-
ormed  on  13  sedentary  males,  neither  heart  rate  variability,
or  RPE  and  affective  aspects  of  exertion  were  modified  by
nodal  tDCS  of  the  left  temporo-insular  cortex  [38].

Thus,  to  date,  the  beneficial  effects  of  anodal  tDCS
mostly  concerning  the  M1  target)  on  sport  and  exercise
erformance  are  largely  controversial  and  probably  more
elevant  in  statistical  than  clinical  terms.  While  brain  plas-
icity  is  likely  boosted  by  physical  exercise  [15],  the  reverse
emains  to  be  demonstrated.  In  addition,  cranial  electros-
imulation  could  promote  brain  plasticity  in  a  way  that
s  difficult  to  control.  Actually,  tDCS  was  proposed  as  a
euroenhancement  technique  to  enhance  cognitive  capac-
ties  in  military,  gaming,  or  sport  applications  [9,12].  For
xample,  anodal  tDCS  of  the  left  DLPFC  for  10  consecu-
ive  weekdays  was  found  to  improve  cognitive  performance
attention  and  memory)  in  10  professional  athletes  [8].  Con-
ersely,  the  performance  of  young  volunteers  was  found  to
orsen  on  a working  memory  task  after  DLPFC  stimualtion
sing  a  commercial  tDCS  headset  (foc.us,  Redwood  City,  CA,
SA)  [45].

Although  the  repetitive  use  of  anodal  or  cathodal  stimula-
ion  of  M1  appears  to  be  safe  [53,54],  if  care  is  taken  to  avoid
he  risk  of  burning  the  skin  [34],  something  could  go  wrong
ecause  of  misuse  or  deleterious  effects  on  the  brain  of
epeated  sessions  over  the  long  term.  It  appears  especially
ifficult  to  restrict  the  use  of  tDCS  to  the  medical  setting
ince  there  is  a  community  performing  unsupervised  tDCS
rocedures,  using  commercial  headsets  or  caps  available  on
he  internet  (such  as  provided  by  the  aforementioned  Halo
euroscience  or  foc.us  companies)  or  even  do-it-yourself
DIY)  kits  [16,23]. These  products  are  not  approved  by
fficial  regulatory  agencies,  such  as  the  Food  and  Drug
dministration  (FDA),  and  have  especially  no  aspirations  to
e  marketed  for  medical  indications.  Therefore,  there  is

 need  for  regulatory  framework  or  official  guidelines  for
he  personal  use  of  these  over-the-counter  tDCS  devices
23,49,51]. It  is  even  doubtful  that  some  of  these  wearable
evices  provide  tDCS  and  they  could  instead  be  based  on
ulsed  currents,  stimulating  cranial  nerves  rather  than  actu-
lly  performing  transcranial  brain  stimulation  (e.g.,  Thync,
nc.,  Los  Gatos,  CA,  USA).

Attempts  to  stimulate  the  brain  at  home  with  electri-
al  devices  are  not  novel  and  have  been  known  since  the
nd  of  the  XIXth  century  [50].  In  the  domain  of  sport  dop-

ng,  cerebral  stimulation  was  in  fact  a  ‘‘boosting  method’’
lready  experienced  by  Soviet  athletes  since  the  early  1970s
14]. Electrical  brain  stimulation  can  be  assimilated  to  dop-
ng,  as  an  expedient  capable  of  enhancing  physical  or  mental
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performance,  and  anyway  if  there  is  prohibition,  it  will  prob-
ably  have  no  effect  on  the  diffusion  of  the  technique  as
tDCS  is  undetectable.  Thus,  beyond  personal  ‘‘DIY’’  use,
sport  application  of  tDCS  procedures  adds  a  supplementary
regulatory  problem.  Even  if  tDCS  cannot  be  considered  as
a  proven  means  of  improving  performance,  it  could  add
a  ‘‘marginal  gain’’,  which  may  be  sufficient  to  provide  a
competitive  advantage  and  make  a  crucial  difference  in  per-
formance.  This  concept  of  ‘‘marginal  gain’’  was  advanced
by  Sir  David  Brailsford  [22,44]  as  one  of  the  factors  that
could  explain  his  impressive  results  at  the  head  of  British
cycling  teams  in  the  Olympic  Games  or  in  the  Tour  de  France
throughout  the  2010s.

In conclusion,  tDCS  is  able  to  modulate  cortical  activity
and  probably  synaptic  brain  plasticity  according  to  com-
plex  phenomena,  taking  into  account  the  polarity,  size,  and
placement  of  the  electrodes  and  the  orientation  of  the  neu-
ral  fibers  into  the  induced  electric  field  [31]. In  healthy
volunteers  as  well  as  in  patients  with  motor  deficit  sec-
ondary  to  brain  lesion,  tDCS  has  been  successfully  applied
to  enhance  motor  learning  [1].  However,  tDCS  effects  on
muscular  and  athletic  performance  have  yet  to  be  deter-
mined.  Two  recent  meta-analyses  [21,28]  conclude  that
there  is  a  possibly  positive  impact  of  tDCS  (mostly  anodal
stimulation  of  M1)  on  exercise  performance  (force  and  mus-
cular  endurance),  but  of  rather  small  extent,  depending  on
the  type  of  exercise  (e.g.,  simple  isometric  tasks  vs.  more
complex  physical  activities),  and  provided  by  low-quality
studies.  Thus,  only  weak  evidence  supports  tDCS  as  an
effective  means  of  improving  sport  competition  results.  The
effects  of  the  media  hype,  particularly  with  regard  to  uncon-
trolled,  unscientific  studies,  using  non-medical  commercial
systems,  could  be  particularly  deleterious  to  the  fully  justi-
fied  objective  of  pursuing  serious  studies.
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