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Abstract: E ver y day com m u nication is accom panied by visual information from several sources, inclu ding co-
speech gestures, w hich provide semantic infor mation listeners use to help disambiguate the speaker’s mes-
sage. Using f M RI, w e examined ho w gestures infl uence neural activity in brain regions associated w ith proc-
essing semantic information. T he B O L D response w as recor ded w hile participants listened to stories u nder
three au diovisual con d itions an d one au ditory-only (speech alone) con d ition. In the first au diovisual con di-
tion, the storyteller produced gestures that naturally accom pany speech. In the secon d, the storyteller made
semantically unrelated han d movements. In the thir d, the stor yteller kept her han ds still. In ad dition to inferior
parietal an d posterior su perior an d mid dle tem poral regions, bilateral posterior su perior tem poral su lcus an d
left anterior inferior frontal gyrus responded more strongly to speech w hen it w as further accompanied by
gesture, regar dless of the semantic relation to speech. H o w ever, the right inferior frontal gyrus w as sensitive
to the semantic im port of the han d movements, demonstrating more activity w hen han d movements w ere
semantically u nrelated to the accom panying speech. T hese fin d ings sho w that perceiving han d movements
d uring speech mod ulates the distributed pattern of neural activation in volved in both biological motion per-
ception an d discourse comprehension, suggesting listeners attem pt to fi nd meaning, not only in the w ords
speakers prod uce, but also in the han d movements that accompany speech. Hum Brain Mapp 00:000–000,
2009. VC 2009 Wiley-Liss, Inc.
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INTRODUCTION

Face-to-face com m u nication is based on more than
speech alone. A u d ible speech is onl y one com ponent of a
com m u nication system that also incl u des co-speech ges-
tures—han d an d ar m mov ements that accom pan y spoken
language [ K en don, 1994; M c N ei l l, 1992, 2005]. Such co-
speech gestures ser v e an i m portant role in face-to-face
com m u nication for both speaker an d listener. L isteners not
onl y process the w or ds that speakers prod uce, but also
contin uousl y integrate gestures w ith speech an d w ith
other v isual infor mation (e.g., the speaker’s l i ps, mouth,
an d eyes) to arri v e at the speaker’s meaning [G ol d in-
M ea do w , 2006; K en don, 1994; M c N ei l l, 2005]. D esp ite the
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i m portance of co-speech gesture to com m u nicati v e interac-
tions, l ittle w or k has ex p lored the neurobiology of ho w the
v isual infor mation con v eyed in gestu re is integrated w ith
speech. In this article, w e in v estigate ho w the brain proc-
esses meaningfu l, as w el l as non-meaningfu l, han d mov e-
ments d uring com p rehension of speech. O u r main prem ise
is to u n derstan d the concepts con v eyed by co-speech ges-
ture, the l istener’s brain m ust (a) p rocess biologicall y rele-
v ant infor mation about the speaker’s mov ements an d ,
con jointl y , (b) ascertain the meanings of these mov ements
an d relate them to the infor mation con v eyed in speech. In
naturalistic au d iov isual speech, the bod y is in constant
motion, an d actions can be parsed as potentiall y relev ant
or irrelev ant to the speaker’s spoken message. D ifferent
brain regions l i kel y ser v e as ‘‘integration zones’’ for ges-
ture an d speech, but it remains u nclear w hich process the
biologicall y relev ant aspect of gesture’s motion for m , an d
w hich connect gestu re’s semantic infor mation w ith speech.
Prior w or k suggests p remotor cortex an d more posterior
cortical regions (i.e., posterior su perior tem poral gy rus
[ST G p] an d su lcus [STSp], posterior m i d d le tem poral
gy rus [ M T G p] an d angu lar an d su pramarginal gy rus of
the inferior parietal lobu le [IPL]) are in vol v ed in com pre-
hension of action, an d that inferior frontal gy r us (IF G) is
in vol v ed in top-do w n integration or deter m ination of
actions as potentiall y relev ant or irrelev ant to the speech it
accom panies. T his stu d y in v estigates the role of these
brain regions, an d in particu lar attem pts to clarify the role
of STSp an d IF G in connecting meaningfu l co-speech ges-
tures w ith au d itor y d iscou rse.

Co-speech Gesture and Action Comprehension

A s han d mov ements that are potentiall y related to
speech, all gesture ty pes m ust at some lev el be processed
as motion, but w hile in the most general sense gesture
refers to a categor y of motion, there are sev eral ty pes of
gesture that d iffer in ho w they relate semanticall y to the
speech they accom pan y [ K en don, 1988; M c N ei l l, 2005]. For
exam p le, ‘‘beat’’ gestures em p hasi ze rh yth m ic aspects of
speech, w hile con v entionali zed sy mbols called ‘‘emblems’’
[for exam p le ‘‘th u mbs u p’’; M c N ei l l, 2005] contribute
meaning in depen dent of speech. Iconic gestures, on the
other han d , are meaningfu l gestures that can be inter-
preted onl y in the context of speech. For exam p le, w ig-
gling fi ngers u p an d do w n in the air can enrich the
sentence, ‘‘ H e is w or k ing on the paper,’’ allo w ing the l is-
tener to i dentify the mov ement as a gestu re for ty p ing.
H o w ev er, w hen the same mov ement accom panies the sen-
tence, ‘‘ T he sp i der mov ed its legs,’’ the l istener w ill i den-
tify the mov ement as a gesture for a sp i der [ M c N ei l l,
2005].

A ll gesture ty pes req u ire processing biologicall y relev ant
motion, an d a broa d literature in both mon keys [ O ram
an d Perrett, 1994, 1996] an d h u mans has i denti fied cortical
regions sensiti v e to this ty pe of motion-incl u d ing in partic-

u lar STSp , but also ST G p , M T G p , IPL [Beaucham p et al.,
2003; Bon d a et al., 1996; G rezes et al., 2001; G rossman
et al., 2000; Peelen et al., 2006; Puce an d Perrett, 2003;
Saygin et al., 2004; V aina et al., 2001] an d premotor cortex
[Saygin et al., 2004]. N otabl y , STSp is also thought to be
an i m portant site for integrating au d itor y an d v isual infor-
mation d uring speech com prehension [C al v ert, 2001;
C al vert et al., 2000; M iller an d D ’ Esposito, 2005; O lson et
al., 2002; Sek iyama et al., 2003; W right et al., 2003]. C onsist-
ent w ith these fi nd ings, recent w ork on gesture has foun d
that these brain regions involved in action com p rehension
(e.g., premotor cortex, IPL, and STSp and ST G p) respond
more strongly to gesture accompanied by speech than to
speech alone [ H olle et al., 2008; H ubbard et al., 2009;
K ircher et al., 2009; W illems et al., 2007; W ilson et al., 2008].

Co-speech Gesture and Semantic Processing

A lthough some ha v e argued that co-speech gestures
p lay no role for the l istener [ K rauss et al., 1995], consi der-
able beha v ioral research suggests they do make an i m por-
tant contribution to language com prehension [Beattie an d
Shov elton, 1999; C ohen an d O tterbein, 1992; Feyereisen,
2006; G ol d in- M ea do w et al., 1999; G ol d in- M ea do w an d
Singer, 2003; G raham an d H ey w ood , 1975; K el l y et al.,
1999; M c N ei l et al., 2000; M c N ei l l, 1992; Riseborough,
1981; T hom pson an d M assaro, 1994]. E v ent-related poten-
tial (E RP) stu d ies prov i de further suggestion that gesture
contributes accessible semantic infor mation d uring lan-
guage com prehension; the w el l-characteri zed N 400 deflec-
tion, thought to reflect semantic integration [ K utas an d
Feder meier, 2000; K utas an d H ill yar d , 1980], is sensiti v e to
the relationshi p bet w een gesture an d speech [ H olle an d
G u nter, 2007; K el l y et al., 2004, 2007; Ö z y ü rek et al., 2007;
W u an d C ou lson, 2005, 2007a,b]. T he cortical source of the
N 400 deflection has, ho w ev er, been d ifficu lt to ascertain
[V an Petten an d L u ka, 2006 for rev ie w]. Some authors
clai m a d istributed left-laterali zed tem poral an d parietal
net w or k prov i des the cortical source for the N 400, w ith lit-
tle to no frontal in vol v ement [F riederici et al., 1998, 1999;
H agoort et al., 1996; H algren et al., 2002; H eleni us et al.,
2002; K w on et al., 2005; Si mos et al., 1997; S w aab et al.,
1997], w hile others point to IF G , particu larl y on the left
[ H agoort et al., 2004; also see T able I in V an Petten an d
L u ka, 2006]. A long si m ilar lines, recent in v estigations of
co-speech gesture ha v e failed to deter m ine w hich brain
regions are in vol v ed in processing the semantic aspects of
gesture; some authors ha v e em p hasi zed the role of IF G in
processing the semantic contributions of gesture [Sk i p per
et al., 2007a; Straube et al., 2008; W illems et al., 2007],
w hereas others ha v e suggested STSp is an i m portant locus
of gesture-speech integration [ H olle et al., 2008].

In v estigations using the same ex peri mental para d igm in
E RP an d f M RI ha v e the potential to be particu larl y infor m-
ati v e w ith respect to this question because they can estab-
lish an N 400 E RP effect of gesture, an d , at the same ti me,
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locate a cortical source for the effect. U nfortunately, t w o
recent in vestigations of gesture using both ERP an d f M RI
provide contradictory fi ndings. Using f M RI, W illems et al.
[2007] rep licated their prior ERP stu d y [ Ö z y ürek et al.,
2007]—w ords an d gestu res that w ere incongruent w ith a
sentence context elicited a stronger N 400 effect than gestures
that w ere congruent. T hey foun d that left anterior IF G (pars
triangularis; IF G Tr), as w ell as premotor cortex, w as more
active w hen either the gestu re or the w or d w as incompatible
w ith the sentence context (e.g., IF G Tr responded more
strongly w hen the sentence, ‘‘ H e should not forget the items
that he wrote on the shop ping list,’’ w as accompanied by the
incompatible iconic gesture ‘‘hit’’ w hen the verb ‘‘ w rote’’
w as spoken). T hey argued that greater activation in this
region reflects the ad ditional activity requ ired to integrate
the incompatible gesture w ith speech.

In an ERP stu d y, H olle an d G u nter [2007] fou nd that sub-
ordinate gestures or meaningless han d movements accom-
panying an ambiguous homony m elicited a stronger N 400
effect than dominant gestures, an d they used f M RI to exam-
ine the cortical source of these effects [ H olle et al., 2008]. To
illustrate, the sentence ‘‘She touched the mouse’’ cou ld be
accompanied by a gesture matching the dominant meaning
(e.g., miming holding a live mouse by the tail), the subordi-
nate meaning (miming grasping a com p uter mouse), or by a
non-related grooming movement (scratching the chin). Con-
trar y to the fin dings reported by W illems et al. [2007], H olle
et al. failed to fi nd any left IF G in volvement in integrating
gesture w ith speech. Instead, left STSp responded more
strongly to iconic gestures than meaningless grooming
movements, suggesting this region (but not left IF G) w as
sensitive to the content of the gestures.

O ther fu nctional i maging stu d ies of gesture ha v e pro-
v i ded m ixed ev i dence for the i m portance of left IF G in
processing the semantic aspects of gestu re. A lthough
K ircher et al. [2009] fou n d left IF G w as more acti v e for
au d iov isual speech w ith gestu re com pared to au d itor y-
onl y speech, W ilson et al. [2008] fou n d no d ifferences in
IF G for this com parison. H o w ev er, Straube et al. [2008]
fou n d subsequent memor y for meaningfu l metap horic ges-
tures an d non-meaningfu l han d mov ements accom pan y ing
sentences w as positi v el y correlated w ith bilateral IF G acti-
v ation (although right IF G w as more sensiti v e to non-
meaningfu l han d mov ements, an d left IF G more sensiti v e
to meaningfu l mov ements). F inall y , in prior w or k in our
lab [Sk i p per et al., 2007a], w e used the same sti m u li used
in this stu d y an d a subset (N ¼ 12) of the partici pants
from the current stu d y , an d fou n d that IF G w as an i m por-
tant com ponent of a net w or k lin k ing gestu re w ith speech.
T hat in v estigation used structural equation model ing
(SE M ) to ex p lore the in fl uence of inferior frontal an d pre-
motor regions on tem poral an d inferior parietal regions
w hen partici pants l istened to stories that incl u ded mean-
ingfu l gestures (Gesture), meaningless han d mov ements
(Self-Adaptor), infor mation from the face onl y (No-Hand-
Movement), or no speech-related v isual in p ut (No-Visual-
Input). W hen the han d mov ements w ere related to the

accom pan y ing speech (Gesture), IF G T r an d pars opercularis
(IF G O p) of IF G exhibited weaker in fl uence on other motor
an d language relev ant cortical areas than w hen the han d
mov ements w ere meaningless (Self-Adaptor) or w hen there
w ere no accom pan y ing han d mov ements (No-Hand-Move-
ment or No-Visual-Input).

The Present Study

O ur prior w or k [Sk i p per et al., 2007a] focused on the
role of IF G in processing gesture, but left some questions
u nans w ered . It d i d not a d d ress d ifferences in acti v ity in
speci fic brain regions, incl u d ing IF G an d STSp , an d for
p urposes of SE M , d ata w ere collapsed across hem isp here,
lea v ing open the selecti v e roles of right an d left hem i-
sp here regions. Semantic infor mation in language is
k no w n to be processed d iffusel y by regions in both the
left an d right hem isp heres [Book hei mer, 2002; Ferstl et al.,
2008; Ju ng-Beeman, 2005], but the contribution of both
hem isp heres to processing gesture has not been exten-
si v el y in v estigated . In a d d ition, w e d i d not in v estigate in
STSp d ifferences in the response to meaningfu l an d non-
meaningfu l han d mov ements in the w ay that w e do here.
H olle et al. [2008] suggest that this region is sensiti v e to
the semantic infor mation from gesture, a fi n d ing that con-
fl icts w ith prior in v estigations suggesting STSp is not pri-
maril y in vol v ed in processing semantic contributions from
gesture [ W illems et al., 2007].

T his stu d y th us exam ines in particu lar the role of bilat-
eral STSp an d IF G in integrating gesture an d speech, an d
attem pts to clarify the d isparate neurobiological fi n d ings
on gesture. In or der to increase po w er, w e recru ited 12
a d d itional partici pants, exten d ing our prior sam p le
[Sk i p per et al., 2007a]. To u n derstan d ho w these neural
systems respon d w hen presented w ith language in a rela-
ti v el y natural or ‘‘real-w orl d ’’ context, w e used au d iov isual
sti m u li containing man ual gestures an d mov ements of the
face, l i ps, an d mouth, a signi ficant source of p honological
infor mation [Ross et al., 2007; Sk i p per et al., 2005, 2007b].
A s in our prev ious w or k , partici pants l istened to stories
u n der four con d itions: (1) w ith meaningfu l han d an d ar m
gestures (i.e., Gesture), (2) w ith self-a d apti v e (groom ing)
han d mov ements that are not intentionall y prod uced to
com m u nicate [E k man an d F riesen, 1969] an d , in our case,
bore no meaningfu l relation to speech (i.e., Self-Adaptor),
(3) w ithout man ual gesture but w ith oral an d facial ges-
ture (i.e., No-Hand-Movement), an d (4) w ithout speech-
related v isual infor mation (i.e., No-Visual-Input; see F ig. 1).

U sing this ex peri mental mani p u lation, w e exam ined
ho w the brain processes infor mation about the actions of
others, an d integrates the semantic features of these bio-
logical mov ements to speech. To this en d , w e ha d t w o
main goals. F irst, to assess the fu nctional role of STSp , w e
contrasted con d itions w ith han d mov ements (Gesture an d
Self-Adaptor) to those w ithout han d mov ements (No-Hand-
Movement an d No-Visual-Input). Some w or ks suggests STSp
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respon ds to both meaningfu l an d non-meaningfu l han d
mov ements [ H ubbar d et al., 2009; W illems et al., 2007;
W ilson et al., 2008], but other w or k [ H olle et al., 2008] sug-
gests that it is more sensiti v e to meaningfu l gestures. To
assess the semantic contribution of gesture, our secon d
contrast focused on con d itions w ith an d w ithout meaning-
fu l han d mov ements (i.e., Gesture vs. Self-Adaptor). O n the
basis of our prior w or k [Sk i p per et al., 2007a], an d on
those of W illems et al. [2007], w ho fou n d greater acti v ity
for incongruent gestures, w e ex pected greater acti v ity in
IF G for non-meaningfu l han d mov ements than for mean-
ingfu l gestures. G i v en the recent ev i dence suggesting that
anterior an d posterior IF G can be fu nctionall y d issociated
[G ol d et al., 2005; Sn y der et al., 2007], w e also ex pected an-
terior IF G to be most sensiti v e to this contrast. In a d d ition,
because narrati v e-lev el language has been sho w n to recru it
bilateral IF G [Ferstl et al., 2008; Sk i p per et al., 2005; W ilson
et al., 2008], an d because Straube et al. [2008] reported
right IF G w as sensiti v e to gestu re, w e in v estigated the
response in IF G in both hem isp heres. T he resu lts of this
stu d y w ill th us hel p constrain neurobiological theories of
gesture by d istingu ishing ho w STSp an d IF G respon d to
han d mov ements that accom pan y speech, an d w hich brain
regions are particu larl y i m portant for integrating semantic
aspects of gesture w ith accom pan y ing speech.

MATERIALS AND METHODS

Participants

T w enty-four a d u lts (12 females, M age ¼ 23.0 years, SD
¼ 5.6 years) partici pated: 12 of these partici pants w ere

part of a prior in v estigation con d ucted in our laborator y ,
w hich used the same ex peri mental mani p u lation [Sk i p per
et al., 2007a]. A ll partici pants reported being right-han ded ,
used their right han d for w riting, ha d a positi v e E d in-
burgh han ded ness score [ O l d fiel d , 1971], an d ha d nor mal
hearing an d nor mal (or corrected nor mal) v ision. A ll w ere
nati v e E nglish speakers w ithout earl y ex posure to a sec-
on d language. N o partici pant ha d a histor y of neurological
or psychiatric i l lness. Partici pants ga v e w ritten infor med
consent an d the Institutional Rev ie w Boar d of the Biologi-
cal Sciences D i v ision of T he U ni v ersity of C hicago
ap prov ed the stu d y .

Stimuli

Participants com pleted t w o ru ns of four experimental con-
ditions, each lasting ap proximately 5 min. A u dio w as deliv-
ered at a sou nd pressure level of 85 dB-SPL through M RI-
compatible head phones (Resonance Technologies, N orth-
ridge, C A ), an d video stim uli w as vie w ed through a mirror
attached to the head coil that allo w ed them to see a screen
at the en d of the scanning bed. T he four con ditions w ere
separated by a baseline condition (Baseline) d uring w hich
the participants vie w ed a fi xation cross (16 s). T he Baseline
also occurred at the beginning an d the en d of the ru n. In
each condition, participants listened to modified versions of
A esop’s Fables, lasting 53 s on average (SD ¼ 3 s).

T he mode of presentation of the fable v aried across the
four con d itions. In the first con d ition (Gesture), partici pants
l istened to a female tel l ing a stor y w hile w atching the
speaker make natural co-speech gestures. H er gestures
w ere pri maril y metap horic or iconic [ M c N ei l l, 1992] each
bearing a meaningfu l relationshi p to the semantic content

Figure 1.
T ime-course of the experiment for one of the two runs. Shown are still pictures from videos
corresponding to each of the language conditions. The blank screen with a fixation cross was
shown during the No-Visual-Input and the Baseline conditions.
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of the speech it accom panied . In the secon d con d ition
(Self-Adaptor), partici pants w atched the same speaker per-
for m ing self-groom ing han d mov ements, e.g., a d justing
her hair or her shirt or scratching, that w ere u nrelated to
the content of the speech. In the thir d an d fourth con d i-
tions, partici pants w atched a speaker w hose han ds w ere
resting in her lap (No-Hand-Movement), or sa w onl y a
blan k screen w ith a fi xation cross (No-Visual-Input; F ig. 1).

In all au d iov isual con d itions, the speaker w as framed in
the same w ay from w aist to hea d w ith sufficient w i d th to
allo w fu ll perception of all han d mov ements. Before the
ex peri ment, partici pants w ere instr ucted to pay attention
to the au d io- an d au d iov isual stories but w ere gi v en no
other speci fic instr uctions. T he v i deos in the gesture con d i-
tion w ere coded using a prev iousl y established system
[ M c N ei l l, 1992]. E ighty-fi v e percent of the gestures pre-
sented to the partici pants w ere either iconic or metap horic
(mov ements that either captu red a concrete p h ysical char-
acteristic of an object or an abstract notion). T he remaining
gestures w ere categori zed as beat or deictic gestures, an d
none w ere categori zed as cod i fied emblems [E k man an d
F riesen, 1969]. To control the natu re of the actress’s speech
prod uction an d to match the n u mber of han d mov ements
in the Gesture an d Self-Adaptor con d itions, all sti m u li w ere
rehearsed . T he actress also p racticed the sti m u li so that
her prosod y an d lexical items w ere the same, occurring in
si m ilar tem poral locations across the fou r sets of sti m u li.
To create the No-Visual-Input con d ition, w e remov ed the
v i deo track from the Gesture con d ition.

O ne stor y from each con d ition w as ran dom l y presented
in a ru n; each partici pant w as ex posed to t w o r u ns lasting
ap proxi matel y 5 m in each. Partici pants th us hear d a total
of eight stories, t w o in each con d ition, an d nev er hear d
the same stor y t w ice. Follo w ing each r u n, partici pants
respon ded to true / false q uestions about each stor y using a
button box (t w o per con d ition per r u n). M ean accuracy
across partici pants w as 85% (range 82–89%), w ith no sig-
ni ficant d ifference in accu racy among con d itions, suggest-
ing that partici pants pai d attention to the stories in all
con d itions.

Data Collection

M RI scans w ere acqu ired on a 3-Tesla scan ner w ith a
stan d ar d qua d rature hea d coil (G eneral E lectric, M il w au-
kee, W I). V ol u metric T1- w eighted scans (120 axial sl ices,
1.5 m m " 0.938 m m " 0.938 m m resol ution) prov i ded
high-resol ution anatom ical i mages. For the fu nctional
scans, 30 sl ices (voxel si ze 5.00 m m " 3.75 m m " 3.75
m m) w ere acqu ired in the sagittal p lane using sp iral blood
ox ygen lev el depen dent (B O L D) acq u isition [T R / T E ¼
2000 ms / 25 ms, F A ¼ 77#; N oll et al., 1995]. T he same ac-
qu isition w as repeated contin uousl y throughout each of
the t w o fu nctional r u ns. T he fi rst fou r B O L D scans of each
ru n w ere d iscar ded to a voi d i mages acqu ired before the
signal reached a stea d y state.

Data Analysis

W e used the F reesurfer (http: / / surfer.n m r.mgh.har v ar d .
ed u), A nal ysis of F u nctional N euroi mages / Surface M ap-
p ing w ith A F N I ( A F N I / S U M A ; http: / / afni.ni m h.nih.gov),
R statistical (http: / / w w w .R-project.org), an d M yS Q L
(http: / / w w w .m ysql.com / ) soft w are packages for all anal-
yses. For each partici pant, fu nctional i mages w ere regis-
tered to the first non-d iscar ded i mage of the first r u n an d
co-registered to the anatom ical vol u mes, an d m u lti p le l in-
ear regression w as perfor med in d i v i d uall y for each voxel-
based ti me series [C ox, 1996]. To model sustained acti v ity
across all ti me points w ithin a block , regressors corre-
spon d ing to the four d ifferent language con d itions w ere
con vol v ed w ith a gam ma fu nction model of the hemod y-
nam ic response deri v ed from C ohen [1997]. W e incl u ded
the resu lts of this con vol ution as pred ictors along w ith the
mean, l inear an d qua d ratic tren ds, an d six motion parame-
ters, obtained from the spatial align ment proced ure. T his
anal ysis resu lted in in d i v i d ual regression coefficients (beta
w eights) correspon d ing to each language con d ition, i m-
p licitl y contrasted to the resting basel ine, an d t statistics
measuring the rel iability of the associated regression
coefficients.

W e con d ucted secon d lev el grou p anal ysis on a t w o-
d i mensional surface ren dering of the brain [D ale et al.,
1999; F ischl et al., 1999a], first anal y z ing w hole-brain acti-
v ation on the cortical surface an d then probing acti v ity in
in d i v i d ual regions of interest (R O Is). W e chose a surface-
based ap proach because, in contrast to vol u me-based
ap proaches, surface-based anal yses resu lt in d ata that
more accuratel y reflect the cortical fol d ing pattern of in d i-
v i d ual brains, red ucing intersubject v ariability an d increas-
ing statistical po w er [ A rgall et al., 2006]. To initiate this
surface ap proach, w e used F reesurfer to (a) segment the
w hite an d grey matter of anatom ical vol u mes, (b) in flate
the cortical surfaces separatel y for each hem isp here [D ale
et al., 1999; F ischl et al., 1999a], an d (c) register each hem i-
sp here to a com mon tem p late of a v erage cur v ature to opti-
mall y align the su lcal an d gy ral features across
partici pants w hile m ini m i z ing in d i v i d ual metric d istortion
[F ischl et al., 1999b].

W e con v erted (i.e., ‘‘nor mali zed ’’) the regression coeffi-
cients for each voxel to reflect percent signal change an d
interpolated these v al ues from the three-d i mensional vol-
u me domain to the t w o-d i mensional surface representation
of each in d i v i d ual partici pant’s anatom ical vol u me using
S U M A . T his program map ped the nor mali zed coefficient
an d associated t statistics to a speci fic node on the surface
representation of the in d i v i d ual’s brain. R O I anal yses w ere
con d ucted on these in d i v i d ual surfaces. Image registration
across the grou p requ ired an a d d itional step to stan d ar d-
i ze the n u mber of nodes across in d i v i d uals, an d this w as
accom p lished in S U M A using icosahed ral tessel lation an d
projection [ A rgall et al., 2006]. To decrease spatial noise
for all anal yses, the d ata w ere smoothed on the surface
using a heat kernel of si ze 4 m m F W H M [C h u ng et al.,
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2005]. Smoothing on the su rface as op posed to the vol u me
insures that w hite matter v al ues are not incl u ded , an d that
fu nctional d ata situated in anatom icall y d istant locations
on the cortical su rface are not a v eraged across su lci [ A rgall
et al., 2006; D esai et al., 2005]. W e i m ported smoothed v al-
ues of each surface node from each in d i v i d ual to tables in
a M yS Q L relational d atabase, w ith each table specify ing a
hem isp here of in d i v i d ual brains. T he R statistical package
w as then used to quer y the d atabase an d anal y ze the in-
for mation stored in these tables [for details see H asson
et al., 2008]. F inall y , w e used F reesu rfer to create an a v er-
age of the in d i v i d ual cortical su rfaces on w hich to d isp lay
the resu lts of the w hole-brain anal ysis.

Signal-to-noise ratio (SNR)

W e carried out a S N R anal ysis to deter m ine if there
w ere an y cortical regions w here, across partici pants, it is
i m possible to fi n d ex peri mental effects si m p l y d ue to high
noise lev els [see Parrish et al., 2000 for rationale of using
this method in f M RI stu d ies]. W e present the details of
this anal ysis in the Su p porting Infor mation an d belo w
relate it to speci fic resu lts.

Whole-brain analysis

A m ixed (fi xed an d ran dom) effects C on d ition (4) " Par-
tici pant (24) anal ysis of v ariance ( A N O V A ) w as con d ucted
on a node-by-node basis using the nor mali zed coefficients
(i.e., signal change) from each in d i v i d ual’s regression
model as the depen dent v ariable. C om parisons w ith the
resting basel ine w ere con d ucted for each con d ition, an d
fi v e post-hoc com parisons among con d itions w ere speci-
fied to ex p lore ou r research q uestions. W e controlled for
statistical outl iers on a node-by-node basis by remov ing
those w ith signal change v al ues greater than three-stan d-
ar d dev iations from the mean signal of that in the trans-
v erse tem poral gy r us, a region ex pected to incl u de the
pri mar y au d itor y cortex, an d th us to ha v e rel iable an d ro-
bust acti v ation in all con d itions (outl iers accou nted for less
than 1% of the d ata in each hem isp here).

To control for the fam il y- w ise error rate gi v en m u lti p le
com parisons, w e cl ustered the d ata using a non parametric
per m utation method; a method that proceeds by resam-
p ling the d ata u n der the n u ll h y pothesis w ithout rep lace-
ment an d that does not make an y assu m ptions about the
d istribution of the parameter in question [see H ayasaka
an d N ichols, 2003; N ichols an d H ol mes, 2002 for i m p le-
mentation details]. U sing this method , one can deter m ine
cl uster si zes that w ou l d occur p u rel y by chance, an d in
doing so deter m ine a m ini m u m cl uster si ze to control for
the fam il y-w ise error (F W E) rate (e.g., tak ing cl uster si zes
abov e the 95th percenti le of the ran dom d istribution con-
trols for the F W E at the P < 0.05 lev el). For com parisons
w ith basel ine (Gesture, Self-Adaptor, No-Hand-Movement,
an d No-Visual-Input vs. resting basel ine), the per m utation
method deter m ined that a m ini m u m cl uster si ze of 262

surface nodes w as sufficient to achiev e a F W E rate of P <
0.05 gi v en a per-voxel threshol d of P < 0.01, w ith cl uster-
ing perfor med separatel y for positi v e an d negati v e v al ues.
For com parisons assessing d ifferences bet w een con d itions
(Gesture vs. No-Hand-Movement, Gesture vs. No-Visual-Input,
and Gesture vs. Self-Adaptor; Self-Adaptor vs. No-Hand-Move-
ment and Self-Adaptor vs. No-Visual-Input), the per m utation
method deter mined a m inim u m cl uster size of 1,821 surface
nodes to maintain a F W E rate of P < 0.05 giv en a per-voxel
threshold of P < 0.05. T he choice of these in di vid ual-voxel
thresholds w as motivated by the fact that our design, as
sho w n in the S N R anal ysis (Su pp . Info.), had more po w er
to detect d ifferences from absolute baseline (e.g., on the
order of 1%) than to detect d ifferences bet w een con ditions
(ev en assu ming a large 0.5% signal change d ifference).

T he goal of the analysis w as to characterize the regions
most sensitive to the perception of han d movements (mean-
ingful or not), an d those most sensitive to han d movements
that have a meaningful relation to speech. To a d d ress han d
motion perception w e exam ined the intersection [‘‘conjunc-
tion’’; N ichols et al., 2005] of brain activ ity d uring the Ges-
ture and Self-Adaptor con d itions. Intersection maps w ere
created to separatel y assess acti vation speci fic to han d
movements relati ve to No-Hand-Movement and No-Visual-
Input, using thresholded d irect contrasts across con d itions:
(a) [Gesture vs. No-Hand-Movement] \ [Self-Adaptor vs. No-
Hand-Movement] and (b) [Gesture vs. No-Visual-Input] \
[Self-Adaptor vs. No-Visual-Input]. T his anal ytic ap proach is
equ iv alent to calcu lating the logical A N D (intersection)
among active nodes in each com parison, requ iring that all
com parisons w ithin the conjunction be in di vid ually signifi-
cant. To determ ine the question of w hich brain regions
w ere sensiti ve to the semantic relationship bet w een gesture
and speech, w e used the direct w hole-brain contrast, Ges-
ture vs. Self-Adaptor.

Region of interest analyses

W e tested the hy potheses outlined in the introd uction—
that co-speech gestures ought to affect the hemod y namic
response in STSp , IF G O p, an d IF G Tr—by in vestigating these
specific anatom ically defi ned R O Is. T hese R O Is (detailed in
the Results section an d in Figs. 3 an d 4) w ere defined on
each in divid ual surface representation using an automated
parcellation proced ure [Desikan et al., 2006; Fischl et al.,
2004]. T his proced ure utilizes a probabilistic labeling algo-
rith m incorporating the neuroanatomical conventions of
D u vernoy [1991] an d has a high accuracy ap proaching the
accuracy of man ual parcellation [Desikan et al., 2006; Fischl
et al., 2002, 2004]. A lthough the default parcellation inclu des
a demarcation of the three parts of IF G (IF G O p , IF G Tr, an d
pars orbitalis; IF G O r), it does not demarcate the su perior tem-
poral cortex into anterior an d posterior parts. W e therefore
modified this anatom ical parcellation scheme to inclu de a
STSp, w hich w as defi ned as all STS posterior to H eschl’s
gyrus. T his defi nition w as used by [Saygin et al., 2004] in
their stu d y of point-light biological motion perception.
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D ata analysis proceeded separately for each R OI (STSp,
IF G O p, and IF G Tr) using the percent signal change as the de-
pendent variable. A s a first step in the analysis, nodes w ithin
each R O I that contributed outlying normalized beta values
(defined as greater than three SDs aw ay from the mean of
the R O I for that participant) were removed. We then checked
for participant outliers and found that, in the No-Visual-Input
condition of both right inferior frontal R O Is, one participant
contributed a mean percent signal change value greater than
6 SDs from the mean of all participants for that condition.
Such an extreme data point has the potential to drastically
affect the results; we therefore removed this participant from
all R O I analyses (n.b., because contrasts were computed on a
node-w ise basis, outliers were identified and removed on a
node-w ise basis in the w hole-brain analysis).

To deter m ine if an y obser v ed d ifferences prov i ded by
the statistical com parisons in the w hole brain w ere d ue to
d ifferences in positi v e acti v ation of the relev ant areas, or
instea d , d ue to deacti v ation in a com parison con d ition,
d ata w ere threshol ded to incl u de onl y the top 25% of posi-
ti v e percent signal change v al ues [ M itsis et al., 2008]. A s
an a d d itional step to faci l itate com parison across R O Is, w e
scaled percent signal change by the n u mber of surface
nodes contributing d ata w ithin that R O I. In lieu of om ni-
bus A N O V A s, w e assessed our q uestions by focusing on
speci fic con d itions of interest w ith a priori repeated meas-
ures contrasts [Rosenthal et al., 2000] con d ucted for each
hem isp here separatel y (detailed belo w).

RESULTS

W e first briefl y present the results of the S N R analysis as
they indicated that certain regions, ty pically associated w ith
susceptibility artifacts in f M RI stu dies, also demonstrated lo w
S N R in the current experiment. For this reason, w e do not dis-
cuss them further. Second, w e present the general results on
those regions that sho w ed either above or belo w baseline
B O L D signal d uring language com prehension, and com pare
them to the prior literature on au ditory and au diovisual dis-
course com prehension. A ctivation (or deactivation) w as
defined in reference to the 16 s baseline periods of visual fixa-
tion (Fig. 2 and Sup p. Table I). W e then present t w o sets of
results related to our specific hy potheses. W e present the
results for the com parison of conditions w ith hand movements
vs. w ithout hand movements (Gesture and Self-Adaptor vs. No-
Hand-Movement an d No-Visual-Input), specifically assessing
bilateral STSp R O Is (see Fig. 3). W e also present the results for
the com parison of conditions w ith versus w ithout meaningful
hand movements (Gesture vs. Self-Adaptor) in the w hole-brain
contrast, as w ell as our assessment of bilateral STSp and infe-
rior frontal (IF G O p and IF G Tr) R O Is (Figs. 3 and 4).

Signal-to-Noise Ratio

Si m u lations in d icated that in the current design, the
m ini m u m S N R needed to detect a signal change of 0.5%
w as 54, an d that needed to detect a signal change of 1%
w as 27 (see Su p p . Info). W e anal y zed the mean S N R

across partici pants from 18 R O Is in the inferior frontal,
tem poral, inferior parietal, an d occi p ital cortex. In the
regions w e exam ined mean S N R ranged from a lo w 12.56
(SD ¼ 7.03) in right tem poral pole (a region of high sus-
ceptibility artifact) to a high 93.15 (SD ¼ 14.52) in right cal-
carine su lcus. Im portantl y , in most regions S N R w as
sufficient to detect ev en small signal changes, an d w hen
collapsing ov er R O Is, S N R d i d not d iffer bet w een hem i-
sp heres ( M left ¼ 59.25; M right ¼ 59.12). For the regions
w e focused on (STSp , IF G O p , an d IF G T r) there w as
a dequate S N R to detect signal changes of at least 0.5% in
both hem isp heres (m ini m u m S N R ¼ 54.48 in left IF G T r).
A lthough there w ere no signi ficant left-right d ifferences
for STSp an d IF G O p , S N R in right IF G T r w as greater than
in the left IF G T r, (70.71 vs. 54.48, t[23] ¼ $4.62, p < 0.001).

General Findings: Auditory and Audiovisual
Discourse Comprehension Compared

to Resting Baseline

W e first exam ined acti v ation an d deacti v ation (in w hich
the voxel’s ti me series is negati v el y correlated w ith the
modeled i deali zed hemod y nam ic response fu nction) in all
four con d itions relati v e to a resting basel ine. In Su p porting
T able I, w e present cl uster si ze an d maxi m u m intensity of
the cl usters com pared to basel ine, as w el l as stereotaxic
coor d inates (in the vol u me space) an d Brod mann A rea of
the center of mass for com parison w ith prior w or k . A ll
four con d itions contrasted w ith rest sho w ed bilateral acti-
v ation in frontal, inferior parietal, an d tem poral regions,
fi n d ings that are com parable w ith prior stu d ies an d meta-
anal yses of speech- an d d iscourse-lev el language com pre-
hension [Ferstl et al., 2008; In defrey an d C utler, 2004;
Straube et al., 2008; V igneau et al., 2006; W ilson et al.,
2008]. A cti v ation in occi p ital v isual regions an d in poste-
rior fusifor m w as fou n d in all three con d itions containing
v isual infor mation from the speaker (i.e., Gesture, Self-
Adaptor, an d No-Hand-Movements). Relati v e to basel ine, the
Gesture an d Self-Adaptor con d itions rev ealed acti v ation
across bilateral su perior an d med ial frontal gy rus (exten d-
ing across %B A 6, 8, an d 9; not v isible in F ig. 2). C l usters
negati v el y correlated w ith the modeled i deali zed hemod y-
nam ic response fu nction (i.e., ‘‘ deacti v ated ’’ cl usters) w ere
fou n d in posterior an d med ial structures bilaterall y (w ith
centers of mass in posterior cingu late, precu neus, an d
cu neus), an d also in lateral su perior parietal cortex an d
lingual gy rus. T hese deacti v ated cl usters are consistent
w ith those fou n d in other d iscourse an d language stu d ies
[ H asson et al., 2007; W ilson et al., 2008]. T h us, our fi n d ings
of neural acti v ity d uring d iscourse com prehension are con-
sistent w ith those reported in the prior literature.

Biological Motion Perception and
Co-Speech Gesture

W e ex p lored regions that w ere sensiti v e to the biological
motion aspects of co-speech gestures by com paring
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con d itions w ith han d mov ements to those w ithout han d
mov ements. To in v estigate this question, w e com p uted the
intersection of the surface nodes that w ere statisticall y sig-
ni ficant (corrected) abov e basel ine correspon d ing to com-
parisons of interest across con d itions. F igu re 3 A sho ws the
resu lts for (a) con d itions w ith han d mov ements com pared

to the con d ition in w hich onl y v isual infor mation of the
face an d bod y w as a v ailable (i.e., [Gesture vs. No-Hand-
Movement] \ [Self-Adaptor vs. No-Hand-Movement], sho w n
in yel lo w); an d (b) con d itions w ith han d mov ements
com pared to the con d ition in w hich onl y v isual infor ma-
tion from a fi xation cross w as a v ailable (i.e., [Gesture vs.

Figure 2.
W hole-brain analysis results for each condition compared to Baseline. The individual per-voxel
threshold was P < 0.01 (corrected F W E P < 0.05).
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No-Visual-Input] \ [Self-Adaptor vs. No-Visual-Input], sho w n
in red). Bl ue sho ws areas in w hich acti v ity w as present for
both of these com parisons.

C om pared to the No-Hand-Movement con d ition that
incl u ded infor mation from the face, both the Gesture an d

Self-Adaptor con d itions el icited more acti v ity in bilateral
STSp an d ST G p , IPL , m i d d le occi p ital gy rus an d su lcus,
an d left M T G p . C om pared to the No-Visual-Input con d ition
that contained onl y au d itor y in p ut, both the Gesture an d
Self-Adaptor con d itions el icited more acti v ity bilaterall y in

Figure 3.
(A) Results of the intersection analysis for conditions with hand movements relative to no hand move-
ments. G, Gesture; S-A, Self-Adaptor; N-H-M, No-Hand-Movement; N-V-I, No-Visual-Input. (B) Results of the
analysis for the posterior superior temporal sulcus (STSp) region of interest. *** P< 0.001.

r Gesture and Semantic Processing r

r 9 r



earl y v isual cortices (%B A 17, 18, 19), in bilateral posterior
fusifor m gy rus ty p icall y acti v e w hen partici pants are v ie w-
ing faces [ K an w isher et al., 1997; M c C arth y et al., 1997],
an d in posterior cortical regions associated w ith processing

biological motion an d in crossmod al integration of the au-
d itor y an d v isual mod alities [i.e., IPL; STSp an d ST G p;
an d lateral occi p itotem poral cortex; C al v ert, 2001; Puce
an d Perrett, 2003]. A cti v ation w as also signi ficantl y greater

Figure 4.
(A) Results of the whole-brain comparison between Self-Adaptor
and Gesture. Figure shows the left and right hemispheres (no dif-
ference was detected on the left). (B) Results of the analysis for
inferior frontal regions of interest. C omparisons were con-
ducted only between Gesture and all other conditions (differen-
ces between Self-Adaptor and No-Hand-Movement and Self-Adaptor
and No-Visual-Input, and between No-Hand-Movement and No-Vis-

ual-Input, were not a focus and were not statistically assessed).
Left pars triangularis (IF G Tr) was sensitive to gestures relative to
conditions without hand movements. Both right IF G Tr and pars
opercularis (IF G O p) were more active for Self-Adaptor than for
Gesture, but notably, analyses of the interaction assessing the
moderating influence of hemisphere was significant only for
IF G Tr.
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in left H eschl’s gy r us, consistent w ith p rior fi n d ings of
crossmod al integration of infor mation ev en in earl y au d i-
tor y areas [ M iller an d D ’ Esposito, 2005].

W e next probed acti v ity in the STSp anatom ical R O I,
w hich w as i denti fied on each in d i v i d ual surface represen-
tation for each hem isp here (see F ig. 3B inset), w ith focused
com parisons. W e collapsed the d ata an d assessed con d i-
tions w ith han d mov ements com pared to those w ithout
han d mov ements ([Gesture an d Self-Adaptor] vs. [No-Hand-
Movement an d No-Visual-Input]; as detailed in the section
later, no d ifferences bet w een Gesture an d Self-Adaptor w ere
fou n d in either hem isp here). A cti v ity in STSp w as signi fi-
cantl y greater for con d itions w ith han d mov ements in
both hem isp heres (left: t[22] ¼ 6.56, p < 0.001; right: t[22]
¼ 5.42, p < 0.001). T aken together, the resu lts of both the
intersection anal ysis an d R O I anal ysis suggest that bilat-
eral STSp , in con ju nction w ith an extensi v e posterior corti-
cal net w or k , is centrall y in vol v ed in processing the
biological motion aspects of han d mov ements accom pan y-
ing speech.

Semantic Processing and Co-Speech Gesture

In this anal ysis w e assessed , on the w hole brain, w hich
regions w ere sensiti v e to the semantic relationshi p
bet w een han d mov ements an d accom pan y ing speech by
com paring the Gesture con d ition to the Self-Adaptor con d i-
tion. W e fou n d onl y one signi ficant cl uster cov ering pri-
maril y the anterior subd i v isions of right IF G (IF G O r an d
IF G T r; T alairach center of mass in the vol u me domain for
cl uster; x ¼ 46 m m , y ¼ 30 m m , z ¼ 5 m m , see F ig. 4 A ). In
these regions the Self-Adaptor con d ition el icited greater
acti v ation than the Gesture con d ition.

W e next con d ucted anal yses for speci fic inferior frontal
R O Is IF G T r an d IF G O p , the resu lts of w hich are sho w n in
F igure 4B, w ith a rep resentati v e surface of an in d i v i d ual
partici pant presented in the inset. T he a priori com pari-
sons speci fied for these regions w ere Gesture vs. Self-Adap-
tor, Gesture vs. No-Hand-Movement, an d Gesture vs. No-
Visual-Input. Because prior research has fou n d greater ac-
ti v ity in IF G d uring the obser v ation of han d mov ements
an d gestu res [ K ircher et al., 2009; M olnar-Sz akacs et al.,
2005; W illems et al., 2007], w e used one-tailed signi ficance
tests for the Gesture vs. No-Hand-Movement an d Gesture vs.
No-Visual-Input com parisons w ith the ex pectation that Ges-
ture w ou l d el icit greater acti v ity in both com parisons. For
reasons outl ined in the Introd uction, w e also used one-
tailed signi ficance tests for the Gesture vs. Self-Adaptor com-
parison w ith the ex pectation that Self-Adaptor w ou l d el icit
greater acti v ity .

Sev eral signi ficant d ifferences w ere fou n d for IF G T r. In
the left hem isp here (L H ), Gesture w as signi ficantl y greater
than both No-Hand-Movement an d No-Visual-Input, t(22) ¼
1.69, P < 0.05 (one-tailed), d ¼ 0.72 an d t(22) ¼ 2.39, P <
0.05 (one-tailed), d ¼ 1.02 respecti v el y , but no strong d if-
ference w as fou n d for Self-Adaptor > Gesture (P ¼ 0.30

[one-tailed]; d ¼ 0.23). In contrast, in the R H IF G T r, the
com parison Self-Adaptor > Gesture w as signi ficant, t(22) ¼
4.16, P < 0.001, d ¼ 1.77, w hich is also consistent w ith the
w hole-brain anal ysis. H o w ev er, no signi ficant d ifferences
w ere fou n d for the other t w o contrasts, Gesture > No-
Hand-Movement an d Gesture > No-Visual-Input (largest t[22]
¼ 0.63, P > 0.05 [one-tailed], d ¼ 0.27). T hese fi n d ings
point to the possibility that the response in these brain
regions is moderated by hem isp here. W e statisticall y
tested this moderating in fl uence of hem isp here by assess-
ing the interaction of hem isp here by con d ition using the
ap proach outl ined in Jaccar d [1998]. W e fou n d that the
contrast of Self-Adaptor > Gesture w as rel iabl y stronger in
R H than in L H , resu lting in a rel iable interaction ter m (i.e.,
right [Self-Adaptor–Gesture] > left [Self-Adaptor–Gesture],
t[22] ¼ 1.90, P < 0.05, d ¼ 0.81). T he contrast of Gesture >
No-Visual-Input w as rel iabl y stronger in L H than in R H
(left [Gesture–No-Visual-Input] > right [Gesture–No-Visual-
Input], t[22] ¼ 2.30, P < 0.05, d ¼ 0.98), but the contrast
Gesture > No-Hand-Movement w as not (left [Gesture–No-
Hand-Movement] > right [Gesture–No-Hand-Movement], t[22]
¼ 1.29, P > 0.05, d ¼ 0.55). T h us, interpreted in the context
of the interactions, the right, but not left IF G T r, w as sensi-
ti v e to the semantic mani p u lation. T he left, but not right
IF G T r, w as sensiti v e to meaningfu l gestures relati v e to
au d itor y-onl y d iscourse.

For IF G O p , the onl y signi ficant d ifference for an y con-
trast in either hem isp here w as for the Self-Adaptor > Ges-
ture contrast in the R H , t(22) ¼ 1.95, P < 0.05 (one-tailed),
d ¼ 0.83, but the hem isp here by con d ition interaction w as
fou n d to be nonsigni ficant (right [Self-Adaptor–Gesture] >
left [Self-Adaptor–Gesture], P ¼ 0.21; d ¼ 0.36), an d th us w e
cannot make an y strong clai ms about hem isp heric d iffer-
ences in IF G O p . L ater an d in the D iscussion, w e interpret
all resu lts for IF G tak ing into accou nt the signi ficant inter-
action effects.

Because H olle et al. [2008] reported greater acti v ity for
iconic gestures relati v e to groom ing mov ements in STSp ,
w e also assessed the Gesture v ersus Self-Adaptor contrast in
this anatom ical R O I. A signi ficant d ifference fa voring Ges-
ture w ou l d ha v e been consistent w ith the fi n d ings reported
by H olle et al. H o w ev er, w e fou n d no signi ficant d iffer-
ence in either hem isp here (largest t[22] ¼ 1.56, P > 0.05
(t w o-tailed), d ¼ 0.66 fa voring Self-Adaptor; note w e also
fou n d no d ifference for the Gesture vs. Self-Adaptor com par-
ison in the w hole-brain anal ysis). T h us, STSp w as not
fou n d to be sensiti v e to the semantic relation bet w een the
han d mov ement an d the accom pan y ing speech. T his resu lt
fails to rep licate H olle et al. [2008] w ho fou n d signi ficantl y
greater acti v ity in this region for iconic gestures than for
groom ing mov ements.

Im portantl y , the S N R anal ysis is relev ant to our con fi-
dence in the resu lts reported earlier. T his is because S N R
not onl y speaks to our ability to detect acti v ation relati v e
to resting basel ine, but also to the ability to obtain an accu-
rate an d rel iable beta esti mate (i.e., percent signal change
esti mate) for each partici pant an d for the partici pant grou p
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as a w hole. Si m p l y p ut, the assessment of signal change in
regions w ith high S N R is more accurate (rel iable), an d w e
can be con fi dent in the fi n d ings in those regions. T h us,
because S N R in STSp an d IF G w ere qu ite sufficient to
detect ev en small signal changes, w e can be con fi dent in
our n u ll fi n d ing in STSp , an d in ou r fi n d ings of signi ficant
d ifferences in left an d right IF G . H o w ev er, the S N R anal y-
sis also suggests caution in interp reting the hem isp heric
d ifferences in IF G T r, w here higher S N R on the right m ight
ha v e led to more stable esti mates of percent signal change
across partici pants, an d m ight ex p lain w h y the semantic
mani p u lation w as fou n d onl y in right IF G , an d w as onl y
ap proaching signi ficance in the L H . In deed , w hen w e
looked at the d ata from the 12 partici pants w ith the high-
est S N R v al ues (the top half of the sam p le), the d ifference
bet w een Gesture an d Self-Adaptor w as more robust if not
signi ficant (P < 0.06). T his suggests futu re w or k on the
role of IF G in gesture processing shou l d strongl y consi der
methods to increase S N R to detect subtle responses in this
region to semantic infor mation from gestu res.

To su m mari ze, inter preted in the context of the S N R
an d interaction anal yses, w e fou n d that w hile left IF G T r
respon ded more strongl y to gestu res d uring au d iov isual
d iscourse relati v e to au d itor y-onl y d iscou rse, it w as not
more acti v e for meaningless han d mov ements than for
meaningfu l han d mov ements. Right IF G T r an d (to a lesser
degree) right IF G O p sho w ed the op posite response. W e
fou n d more acti v ity for meaningless han d mov ements
than for meaningfu l han d mov ements, but not for gestures
d uring au d iov isual d iscourse com pared to au d itor y-onl y
d iscourse. F inall y , STSp w as not sensiti v e to the semantic
mani p u lation-no d ifferences bet w een Gesture an d Self-
Adaptor w ere fou n d in this region.

DISCUSSION

T he goal of this stu d y w as to ex p lore the integration of
gesture an d speech, focusing in particu lar on STSps role in
processing han d mov ements that accom pan y speech, an d
IF Gs role in processing the meaningfu lness of those mov e-
ments. W e fou n d that w hen han d mov ements accom pan y
speech (i.e., Gesture an d Self-Adaptor con d itions) acti v ity
increased in regions ty p icall y associated w ith au d itor y lan-
guage com prehension, w hich w ere also acti v e for au d i-
tor y-onl y spoken language in the current stu d y . T hese
incl u ded left IF G (in d icated in the R O I anal ysis), left pri-
mar y au d itor y cortex, an d bilateral ST G p , M T G p , STSp ,
an d IPL . O ther regions, w hich w ere in depen dentl y i denti-
fied as being sensiti v e to mouth mov ements d uring au d io-
v isual language, w ere also sensiti v e to han d mov ements.
T hese incl u ded bilateral STSp , a region associated w ith the
perception of biological motion, an d w ith the integration
of au d itor y an d v isual infor mation. Im portantl y , these pos-
terior cortical regions w ere not sensiti v e to the semantic
relation of gesture an d speech, i.e., they d i d not d istin-
gu ish those han d mov ements that w ere semanticall y

related to the accom pan y ing speech (Gesture) from those
that w ere not (Self-Adaptor). Instea d , right IF G w as sensi-
ti v e to the semantic relation bet w een gesture an d speech,
becom ing more acti v e w hen han d mov ements w ere mean-
ingless. T he left anterior IF G d i d not d ifferentiate bet w een
meaningfu l an d meaningless han d mov ements, although it
d i d respon d more to speech w ith gestures than to speech
w ithout gestures. T hese fi n d ings suggest that bilateral IF G ,
in concert w ith bilateral posterior tem poral an d inferior
parietal brain regions, com prise a d istributed cortical net-
w or k for integrating gestures w ith the speech it
accom panies.

Convergence of Auditory (Discourse) and Visual
(Gesture) Information in Posterior Superior

Temporal Sulcus

W e fou n d that bilateral STSp w as more acti v e w hen d is-
course w as accom panied by han d mov ements com pared
to w hen it w as not, but it d i d not d ifferentiate han d mov e-
ments that w ere meaningfu l (Gesture) v ersus those that
w ere not (Self-Adaptor). Prima facie, this w ou l d seem to
contrast w ith H olle et al. [2008], w ho reported greater
STSp acti v ity for meaningfu l iconic gestures than for non-
meaningfu l groom ing mov ements, a resu lt suggesting sen-
siti v ity to the semantic infor mation prov i ded by gesture.
N ote, ho w ev er, that the meaningfu l gestures in H olle et
al.’s stu d y w ere necessar y to restrict the meaning of a
homon y m in the sentence. It is possible that partici pants
w ere pay ing particu lar attention to gestures com patible
w ith one of the homon y m’s meanings, a process that
m ight increase acti v ity in areas speciali zed for motion
processing, but w ou l d li kel y not take p lace w hen listening
to the ty pe of naturalistic sti m u li that w e used in our
stu d y .

In our stu d y , gesture accom panied sentences in a narra-
ti v e d iscourse, w hich changes the w ay gesture is processed
[ M c N ei l l et al., 1994, 2001]. To use H olle et al.’s ter m inol-
ogy , in a d d ition to local gesture-speech integration, our
sti m u li requ ired global d iscourse-lev el integration, or inte-
gration of semantic constituents (w or ds an d gestures) w ith
each other ov er ti me w ithin d iscourse. In deed , rather than
occurring w ith a speci fic target homon y m ,1 in our stu d y
gestures often preceded or follo w ed the speech they w ere
thematicall y related to, w ere not al w ays tied to speci fic
w or ds, an d often a d ded infor mation that w as not gi v en
lingu isticall y [e.g., path or speed of motion; C h u i, 2005;
G ol d in- M ea do w an d Singer, 2003; M orrel-Sam uels an d
K rauss, 1992]. It is possible that STSp respon ds d ifferentl y

1 H olle et al. au d iov isual sti m u li w as ed ited to sy nchroni ze the au d i-
tor y stream w ith the v i deo stream such that the stroke of the gesture
preceded or en ded at the p honological peak of the sy llable. T he sti m-
u li used in this stu d y w ere not ed ited to affect the sy nchroni z ation of
gestures w ith speech.
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to gesture w hen it is integrated w ith speech at the global
d iscourse lev el as op posed to the local w or d lev el [c.f.,
H olle et al., 2008]. T his inter pretation fi n ds some su p port
from W illems et al. [2007] that left STSp w as more acti v e
w hen the v erb m ismatched the sentence context, but not
w hen the accom pan y ing gesture m ismatched the global
lev el sentence inter pretation, suggesting that meaningfu l
gesture is processed in STSp d ifferentl y in d ifferent l in-
gu istic contexts.

O ur resu lts su p port a role for STSp in p rocessing biolog-
ical motion (i.e., han d mov ements) w hether or not those
mov ements are meaningfu l. A s such, the fi n d ings are con-
sistent w ith prior w or k on biological motion processing in
STSp [Beaucham p et al., 2002, 2003; G rossman et al., 2000;
T hom pson et al., 2005]. STSp has also been i m p licated ,
both anatom icall y an d fu nctionall y , in the cross-mod al
integration of au d itor y an d v isual infor mation [C al v ert,
2001; Seltzer an d Pan d ya, 1978, 1994], particu larl y w ith
respect to speech [C al v ert an d C am pbel l, 2003; C al v ert
et al., 2000; H ock ing an d Price, 2008; Sek i yama et al., 2003;
Sk i p per et al., 2005; W right et al., 2003] an d actions [Barra-
clough et al., 2005]. H o w ev er, because in our stu d y w e d i d
not ha v e a v isual-onl y com parison con d ition, the possibil-
ity remains open that STSp acti v ity si m p l y reflects process-
ing of biological motion an d does not p lay a special role in
connecting gesture w ith speech. T hese open questions
w hether STSp integrates biological motion w ith speech,
an d w hether STSp respon ds d ifferentl y to gesture as a
fu nction of its l ingu istic context prov i de interesting a v e-
n ues for future stu d y .

Processing of Semantic Information From
Co-Speech Gesture in the Inferior Frontal Gyrus

W e foun d that IF G is bilaterally in volved in processing
co-speech gestures w ith speech, but this fin ding can be
refi ned by further anatomical specification. O u r fi ndings for
left IF G in dicate that this region demonstrates increased sen-
sitivity to gestures in its anterior portion compared to the
posterior portion. In particular, IF G Tr responded more
strongly w hen speech w as accompanied by han d move-
ments than w hen it w as not. O u r fin d ings are consistent
w ith recent w ork sho w ing IF G Tr is active d uring obser va-
tion, but not imitation, of han d actions [ Molnar-Szakacs
et al., 2005], an d w ith w ork suggesting IF G is im portant for
processing m ultisensory au ditor y an d visual stim u li [see
Romanski, 2007 for revie w]. In ad d ition, the gro w ing ges-
ture literature has suggested that the anterior portions of
IF G are particu larly im portant for integrating semantic infor-
mation from gesture w ith speech [Skip per et al., 2007a;
Straube et al., 2008; W illems et al., 2007], even w hen the ges-
tures are congruent w ith the lingu istic context [ K ircher
et al., 2009; W illems et al., 2007]. W e also foun d evidence for
a moderating infl uence of hemisphere. T he contrast Gesture
> No-Hand-Movement w as fou nd to be reliable in left IF G ,
but only the contrast of Gesture > No-Visual-Input w as reli-

ably stronger in L H than in R H , providing some in dication
that left IF G w as sensitive to co-speech gestures. H o w ever,
left IF G w as not sensitive to the semantic manip u lation;
right anterior IF G w as most sensitive to the contrast of Self-
Adaptor > Gesture.

O ur resu lts for IF G are i m portant because they suggest
a role for the right IF G in processing meaning from han d
mov ements that accom pan y speech. Speci ficall y , right IF G
m ight p lay a role in the online rev ision of semantic inter-
pretation because the infor mation from self-a d apti v e
groom ing mov ements is d ifficu lt to integrate w ith speech
into a coherent message. In deed , if w e consi der that the
goal of the l istener is to u n derstan d the message of the
speaker, ev er y han d mov ement has the potential to con-
tribute to the speaker’s message for the l istener, deter m in-
ing the relev ance of the han d mov ement to the l ingu istic
context is an online process. E v i dence has sho w n that ges-
tures are processed alongsi de speech in a some w hat auto-
matic fashion [ H olle an d G u nter, 2007; K el l y et al., 2004;
M c N ei l l et al., 1994; Ö z y ü rek et al., 2007], In a d d ition, self-
a d aptors an d incongruent gestures (but not congruent ges-
tures) el icit increased N 400 E RP com ponents [ H olle an d
G u nter 2007; E x peri ment 3], suggesting ev en self-a d apti v e
han d mov ements in fl uence semantic processing of speech.
C onsi dered in this context, it is possible that this d ifficu lty
of integration lea ds to greater rel iance on language d uring
this con d ition because groom ing mov ements are meaning-
less in relation to the stor y . A lternati v el y , because groom-
ing mov ements are d ifficu lt to integrate seam lessl y into
the au d itor y d iscourse, these mov ements m ight need to be
ignored , an interpretation su p ported by stu d ies suggesting
one of the pri mar y fu nctions of right IF G is inhibition [see
A ron et al., 2004 for a rev ie w].

T he accou nt w e dev elop here calls for further ev al ua-
tion, but it is consistent w ith prior fi n d ings in the l itera-
ture. A lthough left IF G has been i m p licated in controlled
retriev al [G ol d an d Buck ner, 2002; Pol d rack et al., 1999;
W agner et al., 2001] or selection of com peting semantic
meanings [F letcher et al., 2000; M oss et al., 2005; T hom p-
son-Schill et al., 1997], right IF G has onl y rarel y been
i m p licated speci ficall y in semantic processes. T his m ight,
ho w ev er, reflect a preoccu pation w ith left hem isp here
fu nction for language.2 Sev eral stu d ies of semantic selec-
tion in w hich left IF G w as the focus also report acti v ation
in right IF G [Ba d re et al., 2005; F letcher et al., 2000;
T hom pson-Schill et al., 1997], an d right IF G is consistentl y
i m p licated in the com prehension of figurati v e language
[L auro et al., 2008; Z em p leni et al., 2007], l in k ing of d istant
semantic relations [Rod d et al., 2005; Z em p leni et al.,
2007], an d d uring semantic rev ision [Sto w e et al., 2005].
W ith respect to au d iov isual sti m u li, t w o recent stu d ies
suggest that right IF G is sensiti v e to semantic con fl ict in

2It is notable that, w hile in their stu d y of iconic co-speech gesture
W illems et al. in v estigated bilateral inferior parietal an d premotor
R O Is, they onl y in v estigated a left inferior frontal R O I.
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the t w o mod alities. H ein et al. [2007] fou n d that right IF G
w as more acti v e d u ring p resentation of semanticall y
incongruent au d iov isual sti m u li (e.g., a p icture of a dog
presented w ith a ‘‘meo w ’’ sou n d), but not d u ring integra-
tion of semanticall y congruent sti m u li (e.g., a p icture of a
dog presented w ith a ‘‘ w oof- w oof’’ sou n d). In v estigating
gestures accom pan y ing sentences, Straube et al. [2008]
fou n d that acti v ation in bilateral IF G w as correlated w ith
correct recall of both p rev iousl y p resented metap horic ges-
tures, an d meaningless han d mov ements, but that right
anterior IF G w as most strongl y i m p licated in recall of
meaningless han d mov ements. F inall y , in our prior stu d y
of net w or k-lev el con necti v ity [Sk i p per et al., 2007a], w e
d i d not focus on hem isp heric d ifferences, but w e d i d fi n d
that IF G ha d a w eaker i m pact on motor an d language rele-
v ant cortices w hen speech w as u n derstood in the context
of meaningfu l co-speech gestu res as op posed to non-mean-
ingfu l groom ing mov ements. W e inter preted this as
reflecting the fact that gestures, contributing semantic in-
for mation relev ant to the message of the speaker, actuall y
red uce ambigu ity of the message an d th us selection an d
retriev al deman ds (cf. K ircher et al., 2009]. For meaningfu l
com pared to meaningless gestures, the fi n d ing of both
red uced connecti v ity w ith IF G in ou r prior stu d y , an d
red uced acti v ity in right IF G in this stu d y , p rov i des con-
v erging ev i dence to suggest IF G is sensiti v e to the relation-
shi p bet w een accom pan y ing han d mov ements an d speech.

Observation–Execution Matching During
Audiovisual Language Comprehension

With Gesture

A n u mber of stu d ies ha v e i denti fied brain regions,
incl u d ing v entral premotor cortex, IF G , an d IPL , w hose
fu nctional properties resemble those of macaq ue ‘‘m irror
neurons,’’ that fi re d uring both execution of one’s o w n
actions an d the obser v ation of the same actions of others
[for rev ie ws see Iacoboni, 2005; Ri z zolatti an d C raighero,
2004; Ri z zolatti et al., 2001]. It has been proposed that
w hen perception is accom panied by gesture, this ‘‘obser v a-
tion-execution matching’’ process p lays a role in d isambig-
uating semantic aspects of speech by si m u lating motor
programs in vol v ed in gestu re p rod uction, i.e., the l istener
brings to bear u pon obser v able gestu res their o w n k no w l-
ed ge of the meaning of these gestures in part because cort-
ical net w or ks in vol v ed in p rod ucing them are acti v e w hen
they are percei v ed [G enti l ucci et al., 2006; H olle et al.,
2008; Iacoboni, 2005; N ishitani et al., 2005; Sk i p per et al.,
2006; W illems an d H agoort, 2007; W illems et al., 2007].

A lthough our stu d y d i d not incl u de a gesture prod uc-
tion con d ition, its resu lts are relev ant to the d iscussion of
obser v ation–execution matching an d gesture. F irst, relati v e
to basel ine, bilateral p remotor cortex w as acti v e in all con-
d itions, w hich is com parable to that reported in other
in v estigations of au d iov isual speech perception an d
gesture [C al v ert an d C am pbel l, 2003; H olle et al., 2008;

Pu l v er m ü ller et al., 2006; Sk i p per et al., 2007b; W ilson an d
Iacoboni, 2006; W ilson et al., 2004]. Secon d , greater acti v a-
tion for han d mov ements in STSp , IPL , an d IF G is consist-
ent w ith stu d ies sho w ing STSp respon ds to congruency
bet w een an obser v ed action an d that same prod uced
action [Iacoboni et al., 2001], an d w ith stu d ies sho w ing
IPL an d IF G are acti v e d uring obser v ation of han d mov e-
ments an d meaningfu l gestures [Lotze et al., 2006; M olnar-
Sz akacs et al., 2005; Peigneu x et al., 2004; W heaton et al.,
2004; W illems et al., 2007]. A lthough w e cannot make
strong clai ms about obser v ation-execution matching an d
gesture, our fi n d ings does not su p port a straightfor w ar d
m irror neuron accou nt. Instea d , they suggest that a more
com p lete u n derstan d ing of ho w the brain uses co-speech
gestures to ai d in u n derstan d ing speech requ ires attention
to su perior tem poral an d inferior parietal regions in a d d i-
tion to the frontal (motor) regions often referenced in stu d-
ies of obser v ation–execution matching [see Sk i p per et al.,
2006 for a si m ilar v ie w].

CONCLUSION

C o-speech gestures ser v e an i m portant role in language
com prehension by prov i d ing a d d itional semantic infor ma-
tion that l isteners can use to d isambiguate the speaker’s
message. In this w or k , w e ha v e sho w n that a n u mber of
bilaterall y d istributed brain regions are sensiti v e to the
a d d itional infor mation gestures contribute to the com m u-
nication process. In particu lar, bilateral STSp w as sensiti v e
to han d mov ements but not to their semantic message.
Bilateral IF G w as also sensiti v e to gestures, but onl y right
IF G d istingu ished bet w een meaningfu l an d non-meaning-
fu l han d mov ements. T hese fi n d ings sho w that percei v ing
han d mov ements d uring speech mod u lates the d istributed
pattern of neural acti v ation in vol v ed in both biological
motion perception an d d iscourse com prehension, suggest-
ing listeners attem pt to fi n d meaning, not onl y in the
w or ds speakers prod uce, but also in the han d mov ements
that accom pan y speech.
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