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In this review, we summarize the subjective experiential phenomena and behavioral changes
that are caused by electrical stimulation of the cerebral cortex or subcortical nuclei in awake
and conscious human subjects. Our comprehensive review contains a detailed summary
of the data obtained from electrical brain stimulation (EBS) in humans in the last 100 years.
Findings from the EBS studies may provide an additional layer of information about the neural
correlates of cognition and behavior in healthy human subjects, or the neuroanatomy of illusions
and hallucinations in patients with psychosis and the brain symptomatogenic zones in patients
with epilepsy. We discuss some fundamental concepts, issues, and remaining questions that
have defined the field of EBS, and review the current state of knowledge about the mechanism
of action of EBS suggesting that the modulation of activity within a localized, but distributed,
neuroanatomical network might explain the perceptual and behavioral phenomena that are
reported during focal electrical stimulation of the human brain.
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INTRODUCTION
Electrical brain stimulation (EBS) is a routine clinical practice
during surgical evaluation of patients with epilepsy and resection
of special cases of brain tumor. During EBS, a volley of electrical
discharges is delivered directly to several brain regions of interest
in awake human subjects to map their functional involvement in
sensation and movement, or cognitive functions such as language
and memory. On the basis of functional mapping of the brain, the
clinician draws a plan for the resection of the involved brain tissue
without causing major sensorimotor or cognitive impairments.
Electrical brain stimulation can be considered a useful tool for
functional mapping in the human brain. Contrary to most neu-
roimaging studies, which do not probe directly the necessity of
a given brain region in a particular cognitive function, EBS can
provide direct observations about the necessity of the stimulated
region for the perceptual or behavioral function that is being
studied. In fact, prior to neuroimaging era, the EBS was the only
source of observations about the human mind when conscious
patients described various experiential phenomena during the
electrical stimulation of their brain. The classical EBS studies pro-
vided the most direct evidence about the localization of functions
in the human brain. The map of somatosensory homunculus in
the primary sensory cortex is a prime example of this (Penfield
and Boldrey, 1937; Penfield, 1958, 1972). The classical EBS studies
(Penfield and Jasper, 1954) also revealed a wealth of information
about the potential involvement of each cortical region in a facet
of human conscious experience. Many of these early reports are
no longer easily accessible, and to our knowledge, an overview
of those classical or most recent EBS reports is missing from the
current neuroscience literature. Such an overview would be help-
ful for various reasons. For instance, it would provide additional
layer of information about the functional involvement of a given
brain region in perceptual or behavioral functions. For example,

the observations about laughter induced by stimulation of a given
brain structure could help the interested scientist sketch a plausible
neuroanatomical map of the brain circuitry involved in emotional
expression. Moreover, a comprehensive map of old and new EBS
studies could provide useful data about the possible involvement
of a brain region in the genesis of a particular set of illusions, hal-
lucinations, delusional ideations and automatic behavior experi-
enced by patients with psychiatric disorders. In the field of epilepsy,
findings from EBS studies would be relevant to our understanding
of symptomatogenic zones (Rosenow and Luders, 2001), or routes
of seizure propagation, in patients with focal seizures. For example,
lip smacking induced by electrical stimulation of a brain structure
in a patient with ictal oroalimentary automatisms would suggest
the possible involvement of the stimulated brain area in the neural
network of structures that participate in the genesis or propaga-
tion of seizures. Toward these aims, in what follows, we provide a
summary of published EBS reports in the last 100 years to overview
the perceptual and behavioral phenomena that have been reported
during electrical stimulation of the human brain. In this review, we
also highlight fundamental concepts, issues, and the core remaining
questions that have defined the field throughout the last century.

METHOD

Using PUBMED, we searched for publications containing the key-
words “human’, “brain”, “stimulation”, or “epilepsy”, which resulted
in 9272 reports. We scanned the abstract of all reports and selected
93 reports that were published in English and dealt with electrical
stimulation of the brain in human subjects. We also searched for
relevant papers in the references provided in each of these publica-
tions and reviewed additional books and magazine articles. In a
detailed review of these reports, we collected information about
brain targets for the stimulation, the perceptual and behavioral
results of the stimulation and the stimulation parameters.

Frontiers in Human Neuroscience

www.frontiersin.org

May 2010 | Volume 4 | Article 46 | 1



Selimbeyoglu and Parvizi

Electrical stimulation of the human brain

RESULTS

The details of our findings along with a comprehensive list of refer-
ences are presented in the Supplementary Material. We have also
included data about the presence or absence of information about
the stimulation parameters or the exact location of the stimulation.
We have summarized the general themes of our findings in Table 1,
and in the text that follows we make an attempt to list some of the
most salient findings of EBS in each lobe of the brain.

FRONTAL LOBE

Stimulation of the frontal lobe was reported in the dorsolateral,
ventromedial, orbitofrontal, and anterior cingulate locations, and
depending on the site of stimulation, the following responses were
reported: movements such as oculomotor response i.e., smooth and
saccadic eye movements (lateral surface), change of posture and
tone (supplementary motor area, SMA), oroalimentary automa-
tisms such as lip smacking and chewing (pre-SMA and anterior
cingulate), emotional facial expression and laughter (anterior cin-
gulate and SMA), reaching and grasping (anterior cingulate and
pre-SMA), and nonconscious movements (premotor and primary
motor area); feelings such as retrosternal pain or discomfort (dorsal,
ventromedial and orbital), swaying, rocking, and disequilibrium
sensations (anterior cingulate and SMA), somatic sensations (pri-
mary motor area); speech arrest, reading and singing problems,
and palilalia (inferior frontal stimulations); autonomic reactions
such as blushing, mydriasis, and increase in heart or respiration rate
(anterior cingulate). In one account, two patients were reported to
have visual dream-like feeling during the stimulation of left middle
or inferior frontal gyrus with 5-10 mA current and in the absence
of after-discharges or seizures (Blanke et al., 2000).

INSULA

Stimulation of the dorsal (superior) surface of the insular cortex
was reported only in a few studies. We did not find any studies
of the ventral insular cortex. The rarity of such recordings was
reported to be due to the higher risks of depth electrode insertion
in the vicinity of middle cerebral artery, which runs in the ven-
tral/inferior bank of the insula (Behrens et al., 1997). The effect
of dorsal insular stimulation were reported to induce unpleasant
feelings such as sensation of suffocation, bilateral painful burn-
ing and stinging or tingling, warmth and or cooling sensation in
various parts of the body, vertigo and nausea, rotatory sensation
of the head, and feeling of falling; automatisms such as fumbling,
plucking; lip smacking and chewing; speech arrest. In a report by
Feindel and Penfield (1954), subject A.J. reported feeling of “going
into trance” and could not get his thoughts “straight” and was “all
mixed up”. In another study by Mullan and Penfield (1959), subject
D.A. reported a sensation of “being out of this world”.

PARIETAL LOBE

Stimulation of the parietal lobe was mostly reported in the lateral
parietal surface, but rare cases of EBS in the medial parietal cor-
tex (precuneus and posterior cingulate gyrus) were also available.
Stimulation of the post-central gyrus caused sensations in different
body parts in somatotopic order (contralateral). Stimulation of
the lateral and medial superior parietal area was associated with
vestibular and sensorimotor responses (such as vertigo, disequilib-
rium, and sensation of body oscillations) and visual disturbances

(blurred vision and oscillopsia). By comparison, stimulation of
the inferior parietal lobule (i.e., angular and supramarginal gyri)
was reported to induce an urge to move body parts or illusion of
such movements, out of body experience, hemispatial neglect (right
only), somatosensory and vestibular sensations (vertigo or body
oscillation, body being tilted or thrusted, falling or sliding), anomia,
speech arrest and conduction aphasia (left only), finger agnosia and
acalculia (left only). In one study, EBS of the temporoparietal junc-
tion area induced an illusionary sensation that someone, a ghost
shadow, was standing behind the patient (Arzy et al., 2006).

OCCIPITAL LOBE

Stimulation of the occipital lobe was reported in the calcarine,
occipitoparietal and occipitotemporal areas. Depending on the
site of stimulation, the effects of EBS were listed as simple visual
sensations such as seeing simple patterns, geometric shapes (tri-
angle, diamond, or star), white or black spots or a blob of flashing
light, colors, movement, or phosphenes; complex visual hallucina-
tions such as seeing people and or movements (with or without an
angle), visual illusions such as slowing down of actual movements.
Murphey et al. (2009) reported that stimulations in early visual
areas were far more effective than stimulations in later visual areas
in causing visual perceptual phenomena.

TEMPORAL LOBE

Stimulations in the anterior medial temporal structures were
associated with complex feelings and illusions such as feeling of
unreality or familiarity (déja vu) or illusion of dream-like state;
emotional feelings such as feeling of loneliness, fear, urge to cry,
anger, anxiety, levitation, or lightness; and recall of past experiences.
Stimulations in the superior temporal structures were associated
with hallucinations in the auditory domain such as hearing “water
dripping”, “hammer and nail”, music, or human voices, or changes
in the quality of auditory stimuli such as muffling of environment.
If stimulations of the superior temporal region were in the depth
of the sylvian fissure, and toward the insula, stimulations induced
pain or automatisms such as sudden movement, staring, unre-
sponsiveness, plucking, or chewing. Stimulations in the inferior
and middle temporal and temporooccipital structures were associ-
ated with hallucinations in the visual domain such as seeing a face,
geometric shapes, and color or blurring of vision, macropsia, visual
movement, things looking sideways, and lines seeming out of kil-
ter. In addition, disruption in reading, or reading comprehension,
picture naming and or identification were also reported with left
inferior temporal lobe stimulations. Laughter with a sensation of
mirth was associated with stimulation of the left inferior temporal
region in the vicinity of the parahippocampal gyrus.

SUBCORTICAL AREAS

Stimulation of subcortical regions was reported mostly in subtha-
lamic nucleus (STN) and neighboring nuclei such as substantia nigra
and zona incerta, and internal capsule. Depending on the site of stim-
ulation, the following responses were listed: emotional phenomena
such as transient acute depression, hypomania; or motor responses
such as crying, psychomotor retardation, and exaggerated facial and
gag reflexes; language impairments such as slurred speech; autonomic
changes such as heart rate increase, bilateral heat sensations, sweating;
and oculomotor apraxia (reduced voluntary ipsilateral gaze).

Frontiers in Human Neuroscience

www.frontiersin.org

May 2010 | Volume 4 | Article 46 | 2



Electrical stimulation of the human brain

Selimbeyoglu and Parvizi

(penunuo))

anBuo} JO UOIIOLIUOD
21U0} plemoeg
(S1UBWIBAOWI
Buimeyo ‘Buroews
di| “68) swisiewoine

(VINS-04d)
eale Jojowl

Aleluswi|eol( e 9 Aselewe|ddnsaid
uoleinap pesy/ehy e
Buidseib/Buiyoesi
1N0-PBYDISNS PUB LIBAQD e
Aljigeisul
|eanisod quui| JusIsuel| e (Jouelue) eale
Buunisod o1uo| e orZ lojow 81e|nBul)
opnyduwe
asuodsal 8AI1ONPUOD 1sa1le yooads e
upjs Ul esealoul [esolefisd| e 101yBNeT o
eoudy o (Buidsesb
ainssaid Aq pamoj|o4 dselb
poo|q 10 ‘s1el uonedidsel 01 96.1n) SUOIIUSIUI JOIO\ o
pue Lesy ul ebuey) e (SIUBLUSAOW Burx001 10 Buikems
m_wm_LU>§ ° oho pue ‘Umwc ‘anbuoy d__ >UOQ B|0YM JO UollesussS e X81102
Aloixuy e pulysn|g e "Jebuly) sesuodsel I01O|A e suonesuss ousebidy e 8 've a1e|nBuId JolBIUY
X8}102 [eruouy
Buibun Apog e [BIPBWIOIIUBA
||eoal AlIOWB|A e BuIyolM| e suolnesuss olisebidy e GZ'LL'S pue [e1uo0NaIO
Bunum pue ‘Buibuis
pue souA| Jo uonedas pue
BILUOUY o aso.d Buipea. paliedw|
eiseydeled o 1selle yoeads e
ABojoydiow o110e1uAS swisijewoine SnIAB
pue Bullleu JO SI0LIT e Aleluswlijeol) e St v [BIUO.} JOLIBU|
1selle yooads e
(Bunsniyy
pue Buibuims Apog e
Buiuiny peay pue 8A3 e
UOoI30WO020| snJAB
[Ell]ate]l=te)vARY "f'8) esuodsal JO1O|A e 9 ‘0L '8 |e1uo.) 8|PPIA
SjusuIBAOW SnIAB
sBuljesy [leuonows e oAe 0IpEOOES PUE YI00WS o ,suolsn||l [eIOSUSS,, o oL's’g [e1uOl) JoLedng
TVLNOYAL
aAnubon Jeuonowy slwouolny 10101\l Mosuag
uoIRINWIIS JO JOBYd 93Ny eale uuewpoig uoibai uteig

‘SUOIIRINWINS [BIIMO0IGNS PUE [EIIH0 JO SIS ndy | | ajqer

May 2010 | Volume 4 | Article 46 | 3

lersin.org

www.front

ience

Human Neurosci

iersin

Front



Electrical stimulation of the human brain

Selimbeyoglu and Parvizi

Buimay) e
puppnid e
SUISIBWOINY e

1el}
Buijje) jo Buijesy ‘pesy oy
JO uonesuas Aloyeiol ‘uied

uonoun(
Jensuloiodwis)

. plom
SIY1 40 1nO,, &Yl| Buljee o
Leoueln
e ojul BuUI0B,, Jo Buljea e

Aaixuy e
1o e

Allleaiun jo UOlESUSS o

eosneN e
(eipJedApelq “6-9)
sebueyod JBINoSeACIpIE) e

1selle yosads
10 yooads ouynesAp
SWISIIEWOoINY

(oBnuan

"B°9) sesuodsal Jejngisap
suolnesuss ousebid3

uted INOYUM JO Ylm
soasuodsal AIosues0I8sI)
swoldwAs Alonpny
uolesuas Alojeisno
uolesuss Aloloe}|0

Apoq ey} jo sued

SnoLIeA Ul (eIseyisaled 1o
yrwem “B°e) suonesuss
AIOSUBS01BWIO0S

uoIEeSUSS (3o0ys

|eol3o8le pue ‘buibuns
‘Buiuing “6e) snoixou
|ese1ejisdi Jo |essle|ig
uoleooyns

JO uolesuss 1ueses|dun

9l ‘Gl 'yl '€l

e|nsu|

VINSNI

loplo
01do101eWOS Ul sied Apog
JO BUILDLIM] 1O JUSWISAO|A e

suoljesuss ol1eulos

eale I010|\

Bulweu ur yuswiiiedw| e

1selie yoeads
YHIW Inoyum JarybneT
JUSWSAOW SNOIOSUODU( e

eale Jojowalid

YHIW Ym Jerybne] e

uolleInap peay/eA3
Aljigeisul

|eanisod quui| JusIsuel|
Buunisod oluo|

1selie yosadsg

YU Inoyum Jarybne

1uBUIBAOW JO UoISN|||

ea.e Jojow
Aleyuswelddng

elejiied

150118 Yooadg e

uolieinep pesay/eA3

Aujigeisul

|einisod quui| JusISuel| e
Buidseib

/Buiyoeal ‘Bunnisod 21UO| e

TVLNOYL

anubon

|Jeuonowy

ajwouony

10J01Al

Mosuag

uoneINWIIS JO 10949 dINdY

eaie uuewpoig

uoibai utesg

(panuiauo9) ‘suoneINWS |EI1H0IGNS PUE [EIIL0D JO SI93Yd 33Ny | | djqel

May 2010 | Volume 4 | Article 46 | 4

lersin.org

www.front

ience

Human Neurosci

iersin

Front



Electrical stimulation of the human brain

Selimbeyoglu and Parvizi

(penunuo))

Buiyorew

uolelusLio aul| palieduw|
$808)

Jo uondeolad paiedul|
uondedsied uonow [ensip

(1e1s 10 ‘puowelp ‘ejbuel)

sadeys oL3ewoab
10 seusydsoyd Buless

uonoun(
[endidoo0i8led

109|60u |eljedsiweH
gouslladxe Apoq Jo 1N
eiseyde uononpuo)
el[nojedy

(iueisip

uleas spunos “6-9)
euawouayd Aloypny
Buipl|s pue Buijie4
pa1sniy1 Jo payi buleg
SSeulneay Uy
pauolsip

Bumaeb 1o Jaroys
Buiwooaq Jo ‘Buirow
sued Apog jo uoisnjj|
(uoney|1oso Apog ‘uoieol
Apoq o pesy “6°9)
SUOIIBSUSS IBINQIISSA

eisoube Jabul4 1sa.1e Yooads ‘(srow suolesuss s|nqo|
eluoue 10j0) e easneN e 01 86.n) SUOIUSIUI IOJON e AIOSUSS01BWOS e ov '6€ |e1alied Jouayu|
uoneinap peay/eA] e
BuidselB/6uiyoea.
1N0-PBYDLSYNS PUB LIBAQD o
Aljigeisul

|einisod quui| JUSISUBl| e UoISIA paunig e
Buunisod oluo| e elseyisaled X81100 91e|nbuId
1S0.1le Yooads e puey [elaleesuo) e ez 101181S0d

0BILIBA e

1e|} Bulje} JO UONESUSS o

JUBWIUOIIAUS 1O peay

3y JO UONESUSS AIOIBIOY e

eIseyisesiA( e
e1sdoj|1osQ e snaunoaid
UOISIA paun|g e pue [eyaued
S9suodsal JOJON e uoieyAs| Jo Buljes e Lg W/’ |elpswiosioq

UOI1EZI[BOOA (epis 8y}

(stuswanow aAs/peay 01 Buiyn pue Burool ““6:8) Ellalele]]
"f'9) sesuodsal IO1O|N e SUOI1BSUSS JB|NQIISOA [ |elelied Jouadng
Jse} Jopio o1dojolewlos SnIAB
Bulweu ur juswiiiedw| e ul sued Apoq JO uoiesueS e €'zl |eJ1u82-1s0d

IvLi3idvd

May 2010 | Volume 4 | Article 46 | 5

lersin.org

www.front

ience

Human Neurosci

iersin

Front



Electrical stimulation of the human brain

Selimbeyoglu and Parvizi

[ERIVEENE]

1sed Bunequiewal)
||eoa1 AloWaIA|
Aujeaiun jo buijee
nAeleQ

1Uno9 0} Aljigeu|

YHIA o

uonesdsal Jo 1Selly e
yooads [BOISUSSUON e
(Buimeyo

""B'9) SWSIRUWOINY suonesuas AI0joey|Q

9¢ 'S€ 'v€ '8¢

uoibal
|edweooddiyeled

ssaujensnun
pue Ayjesiun jo uoisnjeq
elLIouy

eIxaly

yHiu jo
uol1eSUSS B YIM Ja1ybne e
1o e

peay pue
90e} Ul suoiesuas Bulbul]
Bulun|g |ensia

(o08)

e Buless 1o (s1ybi| Bulyse|y
‘sadeys oljewoab Buless
“68) suolleuIdN|ey [ENSIA

LE'0C

snJAB
|elodwiey Jouaju|

IvdOdNEL

Yo} pue yoeq
Buinow Apoq ayy Buljee
(Buizznqg

10 S8210A Bulleay "“6:9)
suoleulon|iey Aloypny
(sidoad

Buless "“6°8) suoneuron|ey
|ensiA xa|dwo)) e

(Burguiaiy sBuiyy 1o umop
MOIS SjusiBrow Buless
“B8) suoisn||i |ensIA

6E LE

uonoun(
|eydioooolodwa

suonesuss Buiyool ‘(slels

10 ‘spuowlelp ‘sa|Buel Jo

soadeys ouUBwWoab Buless
°9) SUOIIBSUSS [ENSIA

BlL/wWL

snJAB
|exdiooo Jouadng

(sejoied Buinow 1o
sadeys ou1owo0ab Buieas
f°8) SUOIIESUSS [ENSIA e

6l '8l

X9100 81elisled

(seuaydsoyd

10 $10j02 WybI| Bulyse}

JO gO|g B IO 1SNpJels ‘siels

‘s10ds >oe|q 10 SUYM

‘'suiened a|dwis Buiess
f°8) SUOIIBSUSS [ENSIA e

Ll

X81100 81elng

1V1IdID20

aAnubon

|euonzowy

Jiuouoiny

1010\l Aiosuag

uonRINWIS JO 3990 NOY

eale uuewpoig

uoibai ureag

(Panuruo9) "suoneNWIIS [E2109CNS PUE [BI110D JO S}OaYS AINdY | | djqel

May 2010 | Volume 4 | Article 46 | 6

lersin.org

www.front

ience

Human Neurosci

iersin

Front



Electrical stimulation of the human brain

Selimbeyoglu and Parvizi

(penunuo))

||eoal Alows|n

nA elog

Alljeaiun jo sbuijee
sysel

abenbue| Bulnp Bulsplo
piom pue Abojoydiow
0110e1UAS JO Sud|qoid

(18

JO 1IN0 10 shemepis ‘Auuny
pue Aeme Buirow ‘b
sbuiyy Buiess ‘eisdoiojul
"“6°8) suoisn||i [ensiA
(Auuny 1o ‘yuaialIp
‘Jeljiwiey 9Je 1Byl SpUNos
10 ‘o1snwi Buueay “6°9)

(1oue3ue) SNIAB

Buiweu ur syuewliedu| e Jeaq e suoneuon|iey Aloupny e 120z |eJodwial 8|ppPIA
uoisusyaiduoo
AJorpne jo Jusuliedu| e
(uonnedai pue ‘Buiepio (Buijey jo Buijesy “B9)
piom ‘ABojoydiow suoleuloN|jey JeiNgiisep e
21}0R1UAS ‘Buiuueu (passa.iddns pue Juelsip 10
Jo swejgold “6e) 1e9|0 SSO| Spunos Bulleay
Juswiiedwi abenbue e eiseydeled olwsuoyd e “6°9) suoisn||l Aloupny e
Alljige BuiBuIs 10 SOUA| Buibuis bulinp abueyo (se010A UBWINY (Joueisod)
Jo uoneyoas pue ebessed youd Jo AYnoup Yoseds e 10 ‘21SNW ‘Buizzng “'6'9) SNIAB esoduwe)
aso.d Buipea. paliedw| e 150118 Yooadg e suoleulon|iey A1oupny e w2y Jouadng
(AvJeljiuuey Jo uonesues
Uooads [eISUSSUON e B Yl Ualo ‘oisnul (Jousiue)
swisiiewoine 10 S9210A Buliesy “6°8) SnJIAB |esjodwial
BISOUWY o Jeod e Aleluswi|eolQ e suoleuron|jey AJoupny e 44 Jousdng
saousliedxa
1sed 0} palejal
SUOIIBUION|[BY [BNSIA o
(eisnooeodAy
"“6°9) suoisn||l Aloupny e
ssoulddeH e (s80(0n
sseupes e ©les Alojeuidsal ut ebuey) e swisiewone uewny Bulieay "“69)
Jee e ainsse.d poojq ul sbuey) e Aleluswi|eol e uoleuron|jey Aloupny e 8¢ s|od |eijodwis|
||eo8l AIOWBIA uoleuon|jey A1o1oey0 e
oouslladxs 1sed BulnlloY e uoneuronjjey Aioleisng e
9s|e aUOBWOS opnydwe swisiiewoine ESSNEN o
10 9S[8 8I18YMaUIoS asuodsal 8AI}ONPUOD AleluswieolQ e sseuizziq e
Buieq jo sbuljea e lea] o upjs ul eseaiou| e 2U01 80I0A IO UoIssaldxe 808}
naeleq e Jebuy e eIpJeOAYOE] o |eioe} ur ebuey) e pue puey ul suolesuss e ejepbAWLY
91e1S &YfI|-Wealq e Swisiewone
alaymas|e apny|duwe AlelusWi|eol e suoleuIdN|jey AJole1sno) e
Buleq jo Buljee e asuodsal 8AIIONPUOD U0} 82I0A IO UoIssaldxe (SO0I0A |/ |leu
ooualladxa 1sed BulAljal e AddeH e Up{s Ul 8Sealou| e [eroe} ul 8buey) e pue Jswwey,, Buiddup
|[e98) AlOWBW e SNOIXUY e SISEUPAN o SluswaAOW Jolem,, Bulesy "“He)

naele@

Ao 00BN e eipJedAyoe] e

o|dwls 1o [einisen

suoneuion|iey Aioupny

sndweooddiy

May 2010 | Volume 4 | Article 46 | 7

lersin.org

www.front

ience

Human Neurosci

iersin

Front



Electrical stimulation of the human brain

Selimbeyoglu and Parvizi

yooads paln|S e

sseaupes Jo Buljesy
Yum Buiqgos pue BulAl) e
eluewodAH e

uoissaidep sinoe JusIsuLl| e

Buireams
‘suollesSUSS 188y |elale|iq
'9SBaIoU| 91el 1IeaH e

pue |e1oe} pajesobbexy
UOI1ePJe}al JOJOWOYIASY
SSaupes Jo Buljes) INoyLM
Buigqos pue BuiAi)

(eno0ul

euoz pue eibiu
BIUBISONS) 19[oNu
Bunoqybieu

pue snajonu
oluleleyIgns

JO UOI1BSUSS INOYLM
Algejjosuooun BuiAi)

a|nsded [eualu|

sysey abenbue| ul
SUOISSIUIO pue BullleusI|A e

Buisseoolid

Alowswi |egiaauou

/leqlan ur uondnisiq e snwejey
Aouenyy .
PIOM YL SWIB|qOId e . eljbueb |eseg
valL4024ns
uoljeloush
quen ur uswliedu| e
uoiedal 9|qe|AS e
SSINJIHIP
Buljjeds pue uoIesIsaAUO)) e
eixeldy e
el[No[edy e
exaly e
elydelby o as0|0 Buleq uonoun(
BILUOUY o Apogaulos Jo uoisnje e 1salle yoeads e |ereliedolodwis]
eidoidig e
1USUIUOIIAUS puUe pesy
8y} JO UONESUSS AIOIEIOY e
(Aeme soyniey Buinow
10 Aseuoniels ‘Bunelly
sbBuiyl) suoneuron|ey
pue suoIsn||i [ensiA e
(1eneq
10 Juessip Bumehb spunos (1ous1sod) snIAB
"“B9) suolsn||l Aloxpny e 4 |eJodwial 8|ppIA
TVHOdINIEL
aniubon Jeuonowy srwouolny 1010\l Aiosuag

UOIIBINWIIS JO 193} 3}NIY

eale uuewpoig

uoibai uieag

(panuiuo)) "suoneNWS |BI10IGNS PUe [EIILI0D JO S}03Yd ANy | | ajqel

May 2010 | Volume 4 | Article 46 | 8

lersin.org

www.front

ience

Human Neurosci

iersin

Front



Selimbeyoglu and Parvizi

Electrical stimulation of the human brain

A detailed summary of findings with reference to original
reports is available as Supplementary Material, and summarized
in Table 1.

DISCUSSION

GENERAL THEME OF PERCEPTUAL AND BEHAVIORAL PHENOMENA
INDUCED BY EBS

This review summarizes the findings of perceptual and behavioral
phenomena elicited by electrical stimulation of the brain in human
subjects. In general, reported perceptual phenomena were in the
realm of recall of past events, emotional feelings, sensory illusions
(i.e., distortion of sensory stimuli mostly in visual or auditory
domains), hallucinations (i.e., induced perception in the absence of
relevant sensory stimuli), or delusional ideations (i.e., false beliefs).
Behavioral phenomena were more often related to cessation of an
ongoing behavior (such as speech arrest or impaired reaching and
grasping), and when positive behavioral phenomena were noted,
they often ranged from simple motor behavior (such as changes
in the tone of musculature, shaking, twitching, or muscle jerks)
to automatisms (i.e., spontaneous, uncontrollable, and repetitive
behavior such as lip smacking) and vocalization. To our knowledge,
intelligible speech automatisms have not yet been reported in the
EBS literature.

OBSERVATIONS IN PATHOLOGICAL BRAINS?

All EBS studies are performed in clinical settings and most com-
monly in patients with epilepsy or brain tumor. This raises the
question of whether findings from the EBS studies in brains with
pathological conditions can be generalizable to healthy brains. This
is a valid concern and findings from any EBS studies have to be
dissected in the light of information about the underlying brain
pathology, especially in the region of the brain where EBS induces
a perceptual or behavioral phenomenon. In this sense, information
about hyperexcitability of the stimulated region noted by the pres-
ence of after-discharges or seizures during the stimulation must
be evaluated before interpreting the findings of a given EBS study.
Despite this significant limitation, one needs to be reminded that
in patients with focal epilepsy or focal brain lesions, every part of
the brain is not pathological. Thus it is possible to obtain valuable
data about the organization of the healthy brains through EBS
studies in patients with neurological conditions. In keeping with
this statement, one needs to remember that studies in patients with
pathological brains revealed the somatotopic organization of the
primary sensory and motor areas in the healthy brains (Penfield
and Boldrey, 1937; Penfield, 1958, 1972). Moreover, stimulation
results in epileptic patients are often in accordance with those
obtained in human volunteers using fMRI (see for instance Lobel
et al., 2001).

METHODOLOGICAL VARIABLES

As can be seen in the data presented as Supplementary Material, one
of the main limitations of the older EBS studies is the lack of infor-
mation about the exact location of the stimulation site. The target
area was often described in terms of gyri or lobes. This is under-
standable given that, prior to neuroimaging era, it was particularly
hard to determine the exact location of electrodes if it could not
be visualized on surgically exposed surface of the brain. Moreover,

many older studies did not specify the stimulation parameters such
as bipolar versus unipolar stimulation, or the strength, amplitude,
width, and frequency of electrical stimulation. Thus the findings
of the older EBS studies have to be interpreted in light of such
variables and limitations.

In the future EBS studies, it is important to provide details of the
location of the stimulation and its parameters. The electrical field
of stimulation in a brain region depends on stimulation param-
eters such as pulse duration and frequency (Brindley and Lewin,
1968) as well as the current amplitude (Lesser et al., 1994) or the
distance from the stimulation site (Tehovnik, 1996). Stimulation
with adjacent bipolar electrodes produces a relatively more focal
current flow that is confined between the two stimulation electrodes
whereas using the same stimulation parameters in a unipolar man-
ner (with an electrode in the target area as the stimulation electrode
and another remote electrode as a reference) produces a relatively
larger current field (Nathan et al., 1993).

The effect of EBS can be seen as “positive” if one observes a
behavioral or perceptual response while the patient is awake and
is not engaged in any other task (e.g., EBS induced vocalization),
or if the EBS leads to cessation of a behavior or function while the
patient is engaged in a particular task (e.g., EBS induced speech
arrest while the patient is talking; Fish et al., 1993; Chassagnon
etal.,2008; Suarez et al., 2009). In some studies, nearly half or more
than half of stimulations did not elicit any response (Penfield and
Perot, 1963; Talairach et al., 1973; Ostrowsky et al., 2002; Desmurget
et al., 2009). Such observations led to the notion of “silent areas”
in the brain. However, as noted by many scientists and clinicians
before, a lack of observable effect during EBS does not necessarily
indicate lack of function in a given brain region. The effect of EBS
needs to be studied during behavioral or cognitive tasks that are
specifically tailored to examine the functional role of a brain region.
For instance, prior to the invention of Iowa Gambling Task, it was
most difficult to study the function of the ventromedial prefrontal
region (Damasio, 1994).

LOCALIZATION OF FUNCTIONS BEYOND PHRENOLOGY

In the first half of the 20th century, when the first important EBS
studies were being performed, the notion of distributed neural
networks had not been matured yet. Thus many of the EBS findings
were interpreted in purely phrenological terms —as if the stimulated
brain area served as a “center” for a perceptive or behavioral func-
tion. Today, the phrenological notion is outdated and any cognitive
or noncognitive function of the brain is known to be distributed
in a set of interconnected neural structures. Thus perceptual or
behavioral phenomena induced by electrical charge delivery to a
brain region are most likely due to change of activity in a net-
work of brain areas (including subcortical regions) rather than the
excitation or inhibition of a blob of cortical gray matter per se. In
keeping with this view, it is known for instance that patients can
remember the subjective experience activated by EBS even after
the resection of the stimulation area (Penfield and Perot, 1963).
Moreover, there is evidence from EBS studies in animals that the
electrical stimulation of V1 produces a change of activity in neural
structures that are known to be connected with the V1 (e.g., areas
V2,V3, and MT) (Tolias et al., 2005). Although hypothetical, we
believe that the same area of the brain can be co-opted in different
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functions depending on which of its interconnected networks is
activated, or what is the mode of activation. This is an issue that
can be explored in future EBS studies.

MECHANISM OF ACTION OF EBS

What does it mean to deliver a volley of electrical discharges to a
brain region? Does it mean that the cortical gray matter is literally
“stimulated” in the sense that it is excited? Or does it mean that the
“stimulated” area is inhibited and turned off? It is generally under-
stood that bipolar currents (as low as 10 mA) might affect several
thousands of neurons (Tehovnik, 1996) depending on the position
and orientation of neurons relative to the applied electric field
(Rattay, 1999). In general, the most excitable elements in the cortical
gray matter are pyramidal cells (Tehovnik et al., 2006), whose axons
are more excitable than their cell bodies (Rattay, 1999).

Although there are remaining questions about the mechanisms
of action of electrical stimulation in the brain, the emerging consen-
sus from the field of deep brain stimulation (DBS) for the treatment
of Parkinson’s disease is that the electrical stimulation of a target
brain area, such as the STN, leads to stimulation-induced modu-
lation of activity rather than pure excitation or inhibition of the
target area (McIntyre et al., 2004). Interestingly, it appears that the
therapeutic effect of STN stimulation is reached primarily through
changing the activity of afferent projecting axons rather than the
firing rate of the cells within the STN or their efferent projections
(Gradinaru et al., 2009).

Although we are mindful of significant differences between the
architectural properties of STN and cortical gray matter (e.g., level
of histological anisotropy/inhomogeneity and tissue capacitance),
significant differences between underlying brain conditions tar-
geted by DBS (Parkinson’s disease) versus EBS (epilepsy or brain
tumor), and significant differences between routine frequency of
electrical stimulations in DBS (120-180) versus EBS (40-60 Hz),
nevertheless, findings from the field of DBS might provide relevant
information to understand the mechanism of action of electrical
stimulation of the cortical gray matter. On the basis of findings
from the field of DBS (as reviewed in Mclntyre et al., 2004), it
is safe to infer that stimulation of a cortical tissue, similar to the
stimulation of the STN, can lead to modulation of activity in either
cellular and/or axonal elements. Electrical discharges might change
the firing pattern of cortical neurons or the functional activity of
glial cells within the target area. They may also lead to a change

REFERENCES

of activity within the efferent projecting fibers and or afferent
synapses (Gradinaru et al., 2009). A change of activity in the pro-
jecting pathways will reach the brain regions that are connected
with the stimulated area. In other words, the effect of EBS might
be due to a modulation of activity within a distributed network
of neural structures that are interconnected with the target area.
It is important to note that each region of the brain has its selec-
tive neuroanatomical connectivity with cortical and subcortical
structures. Therefore, it is possible that the effect of stimulation
may remain “localized” and “focal” within a specific neuroanatomi-
cal network of interconnected structures. Needless to say that the
network includes subcortical structures and it is perfectly possible
that the perceptual and or behavioral effects of the EBS are medi-
ated through subcortical structures such as the basal ganglia, the
thalamus, the hypothalamus, the brainstem, or the cerebellum. As
discussed elsewhere, there has been a tendency in the last 100 years
to credit the cerebral cortex, and only the cerebral cortex, for all
“higher” cognitive functions such as perception and behavioral
regulation (Parvizi, 2009). In the future studies EBS, we may not
need to resort to the same corticocentric myopic view of human
cognition and behavior.

CONCLUDING REMARKS

This review summarizes the findings reported in the field of
human brain stimulation throughout the last century. It is based
on a study of the literature detailing the subjective experien-
tial states or behavioral changes associated with the electrical
stimulation of the human brain. The details are presented in the
Supplementary Material as a comprehensive table and summa-
rized, only briefly, in the main text of the manuscript. The impor-
tant information that needs to be carefully discussed in future
reports of EBS include: information about the exact location of
the stimulation, the physiological condition of the stimulated
area, mode of stimulation, i.e., unipolar versus bipolar current,
after-discharges or electrographic seizures during stimulation,
and the variability of the perceptual or behavioral phenomena
by altering the stimulation parameters.

SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found online
at http://www.frontiersin.org/neuroscience/humanneuroscience/
paper/10.3389/fnhum.2010.00046

Arzy, S., Seeck, M., Ortigue, S., Spinelli,
L., and Blanke, O. (2006). Induction
of an illusory shadow person. Nature
443,287.

Behrens, E., Schramm, J., Zentner, J., and
Konig, R. (1997). Surgical and neu-
rological complications in a series
of 708 epilepsy surgery procedures.
Neurosurgery 41, 1-9; discussion
9-10.

Blanke, O., Landis, T., and Seeck, M.
(2000). Electrical cortical stimula-
tion of the human prefrontal cortex
evokes complex visual hallucinations.
Epilepsy Behav. 1, 356-361.

Brindley, G. S., and Lewin, W. S. (1968).
The sensations produced by electri-
cal stimulation of the visual cortex. J.
Physiol. (Lond.) 196, 479-493.

Chassagnon, S., Minotti, L., Kremer, S.,
Hoffmann, D., and Kahane, P. (2008).
Somatosensory, motor, and reaching/
grasping responses to direct electrical
stimulation of the human cingu-
late motor areas. J. Neurosurg. 109,
593-604.

Damasio, A. (1994). Descartes’ Error. New
York: Tom McKeveny.

Desmurget, M., Reilly, K. T., Richard,
N., Szathmari, A., Mottolese, C., and
Sirigu, A. (2009). Movement intention

after parietal cortex stimulation in
humans. Science 324, 811-813.

Feindel, W., and Penfield, W. (1954).
Localization of discharge in temporal
lobe automatism. A.M.A. Arch. Neurol.
Psychiatry 72, 603-630.

Fish, D. R, Gloor, P, Quesney, F. L., and
Olivier, A. (1993). Clinical responses
to electrical brain stimulation of the
temporal and frontal lobes in patients
with epilepsy. Pathophysiological
implications. Brain 116 (Pt 2),
397-414.

Gradinaru, V., Mogri, M., Thompson, K.
R., Henderson, J. M., and Deisseroth,
K. (2009). Optical deconstruction of

parkinsonian neural circuitry. Science
324, 354-359.

Lesser, R., Gordon, B., and Uematsu, S.
(1994). Electrical stimulation and
language. J. Clin. Neurophysiol. 11,
191-204.

Lobel, E., Kahane, P., Leonards, U.,
Grosbras, M., Lehericy, S., Le Bihan, D.,
and Berthoz, A. (2001). Localization of
human frontal eye fields: anatomical
and functional findings of functional
magnetic resonance imaging and
intracerebral electrical stimulation. J.
Neurosurg. 95, 804-815.

Mclntyre, C.C., Savasta, M., Kerkerian-Le
Goff, L., and Vitek, J. L. (2004).

Frontiers in Human Neuroscience

www.frontiersin.org

May 2010 | Volume 4 | Article 46 | 10


http://www.frontiersin.org/neuroscience/humanneuroscience/paper/10.3389/fnhum.2010.00046

Selimbeyoglu and Parvizi

Electrical stimulation of the human brain

Uncovering the mechanism(s) of
action of deep brain stimulation:
activation, inhibition, or both. Clin.
Neurophysiol. 115, 1239-1248.

Mullan, S., and Penfield, W. (1959).
Mllusions of comparative interpretation
and emotion; production by epileptic
discharge and by electrical stimulation
in the temporal cortex. A.M.A. Arch.
Neurol. Psychiatry 81, 269—284.

Murphey, D. K., Maunsell, J. H.,
Beauchamp, M. S., and Yoshor, D.
(2009). Perceiving electrical stimula-
tion of identified human visual areas.
Proc. Natl. Acad. Sci. U.S.A. 106,
5389-5393.

Nathan, S. S., Sinha, S. R., Gordon, B.,
Lesser, R. P., and Thakor, N. V. (1993).
Determination of current density dis-
tributions generated by electrical stim-
ulation of the human cerebral cortex.
Electroencephalogr. Clin. Neurophysiol.
86, 183-192.

Ostrowsky, K., Desestret, V., Ryvlin, P.,
Coste, S., and Mauguiere, F. (2002).
Direct electrical stimulations of the
temporal pole in human. Epileptic
Disord. 4(Suppl. 1), S23-S27.

Parvizi, J. (2009). Corticocentric myopia:
old bias in new cognitive sciences.

Trends Cogn. Sci. (Regul. Ed.) 13,
354-359.

Penfield, W. (1958). Some mechanisms
of consciousness discovered dur-
ing electrical stimulation of the
brain. Proc. Natl. Acad. Sci. U.S.A.
44, 51-66.

Penfield, W. (1972). The electrode, the
brain and the mind. Z. Neurol. 201,
297-309.

Penfield, W., and Boldrey, E. (1937).
Somatic motor and sensory represen-
tation in the cerebral cortex of man as
studied by electrical stimulation. Brain
60, 389-443.

Penfield, W., and Jasper, H. H. (1954).
Epilepsy and the Functional Anatomy
of the Human Brain. London: J. & A.
Churchill.

Penfield, W., and Perot, P. (1963). The
brain’s record of auditory and visual
experience. A Final Summary and
Discussion. Brain 86, 595-696.

Rattay, . (1999). The basic mechanism
for the electrical stimulation of the
nervous system. Neuroscience 89,
335-346.

Rosenow, F., and Luders, H. (2001).
Presurgical evaluation of epilepsy.
Brain 124, 1683-1700.

Suarez, R. O., Golby, A., Whalen, S.,
Sato, S., Theodore, W. H., Kufta,
C. V., Devinsky, O., Balish, M.,
and Bromfield, E. B. (2009).
Contributions to singing ability by
the posterior portion of the superior
temporal gyrus of the non-language-
dominant hemisphere: first evidence
from subdural cortical stimulation,
Wada testing, and fMRI. Cortex 46,
343-353.

Talairach, J., Bancaud, J., Geier, S.,
Bordas-Ferrer, M., Bonis, A., Szikla,
G., and Rusu, M. (1973). The cin-
gulate gyrus and human behaviour.
Electroencephalogr. Clin. Neurophysiol.
34,45-52.

Tehovnik, E. J. (1996). Electrical stimula-
tion of neural tissue to evoke behav-
ioral responses. J. Neurosci. Methods
65, 1-17.

Tehovnik, E. J., Tolias, A. S., Sultan, E,
Slocum, W. M., and Logothetis, N.
K. (2006). Direct and indirect activa-
tion of cortical neurons by electrical
microstimulation. J. Neurophysiol. 96,
512-521.

Tolias, A. S., Sultan, F.,, Augath, M.,
Qeltermann, A., Tehovnik, E. J.,
Schiller, P. H., and Logothetis, N. K.

(2005). Mapping cortical activity
elicited with electrical microstimu-
lation using FMRI in the macaque.
Neuron 48,901-911.

Conflict of Interest Statement: The
authors declare that the research was
conducted in the absence of any com-
mercial or financial relationships that
could be construed as a potential conflict
of interest.

Received: 24 October 2009; paper pend-
ing published: 07 March 2010; accepted:
02 May 2010; published online: 31 May
2010.

Citation: Selimbeyoglu A and Parvizi ]
(2010) Electrical stimulation of the human
brain: perceptual and behavioral phenom-
ena reported in the old and new literature.
Front. Hum. Neurosci. 4:46. doi: 10.3389/
frnhum.2010.00046

Copyright © 2010 Selimbeyoglu and
Parvizi. Thisis an open-access article subject
to an exclusive license agreement between
the authors and the Frontiers Research
Foundation, which permits unrestricted
use, distribution, and reproduction in any
medium, provided the original authors and
source are credited.

Frontiers in Human Neuroscience

www.frontiersin.org

May 2010 | Volume 4 | Article 46 | 11



