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The production of sign language involves two large articulators (the
hands) moving through space and contacting the body. In contrast,
speech production requires small movements of the tongue and vocal
tract with no observable spatial contrasts. Nonetheless, both language
types exhibit a sublexical layer of structure with similar properties
(e.g., segments, syllables, feature hierarchies). To investigate which
neural areas are involved in modality-independent language produc-
tion and which are tied specifically to the input—output mechanisms of
signed and spoken language, we reanalyzed PET data collected from 29
deaf signers and 64 hearing speakers who participated in a series of
separate studies. Participants were asked to overtly name concrete
objects from distinct semantic categories in either American Sign
Language (ASL) or in English. The baseline task required participants
to judge the orientation of unknown faces (overtly responding ‘yes’/
‘no’ for upright/inverted). A random effects analysis revealed that left
mesial temporal cortex and the left inferior frontal gyrus were equally
involved in both speech and sign production, suggesting a- modality-
independent role for these regions in lexical access. Within the left
parietal lobe, two regions were more active for sign than for speech: the
supramarginal gyrus (peak coordinates: —60, =35, +27) and the
superior parietal lobule (peak coordinates: —26, —51, +54). Activation
in these regions may be linked to modality-specific output parameters
of sign language. Specifically, activation within left SMG may reflect
aspects of phonological processing in ASL (e.g., selection of hand
configuration and place of articulation features), whereas activation
within SPL may reflect proprioceptive monitoring of motoric output.
© 2007 Elsevier Inc. All rights reserved.

Introduction

Speech production involves the rapid integration and sequen-
cing of movements of the tongue, lips, velum, and vocal cords. In
contrast, the production of signed language primarily involves
movements of more massive and slower articulators, the hands and
arms, within a much larger space (from the waist to the top of the
head). Further, the perceptual targets for speech production are
auditory, but visual for signing. Since phonology is traditionally
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characterized as the sound patterns of language and phonetic
systems are described in terms of oral articulators and acoustic
features, it is possible that phonological patterning only arises for
oral-aural languages. However, linguistic research over the past
three decades has demonstrated that signed languages do indeed
exhibit a phonological level of structure with properties that
parallel speech, such as segments, syllables, and feature hierarchies
(for reviews see Brentari, 1998; Sandler and Lillo-Martin, 2006).
Nonetheless, the articulatory—perceptual properties of signing have
an impact upon phonological patterning with respect to sequenti-
ality (more segment sequences are produced for speech than sign),
the nature of syllable structure (signs tend to be monosyllabic), and
the complexity of autosegmental elements (hand configuration is
more complex than tone) (Sandler and Lillo-Martin, 2006). Given
both the similarities and the differences between sign and speech,
we investigated the extent to which the neural systems that control
sign production overlap with those controlling spoken word
production.

It has long been known that speech production is lateralized to
the left hemisphere (e.g., Broca, 1861; Geschwind, 1970), and
evidence from lesion and neuroimaging studies indicates that sign
language production is also strongly left-lateralized (e.g., Corina et
al., 2003; Emmorey et al., 2003; McGuire et al., 1997; Poizner et
al., 1987). Furthermore, Broca’s area, a classic speech production
region, is reliably engaged during sign language production
(Emmorey et al., 2002, 2004; Horwitz et al., 2003; Petitto et al.,
2000).

In a meta-analysis of neuroimaging studies, Indefrey and Levelt
(2004) mapped out several regions involved in spoken word
production. They argued that lexical selection is associated with
the left middle temporal gyrus and that phonological code retrieval
involves the right supplementary motor area (SMA), left anterior
insula, and left posterior superior and middle temporal gyri
(Wernicke’s area). Broca’s area (left posterior inferior frontal
gyrus) was argued to be critically involved in syllabification
processes during word production. Whether sign and word
production both engage these neural regions to an equal extent is
unknown. To investigate this question, we conducted a conjunction
analysis with data from Positron Emission Tomography (PET)
studies of sign production and word production that utilized the
same picture-naming and standard baseline tasks.
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Previously, Braun et al. (2001) directly compared discourse
production in sign and speech by asking hearing bilinguals to
produce autobiographical narratives in either American Sign
Language (ASL) or English, while undergoing PET scanning.
Conjunction analyses using oral or limb motor baselines revealed
considerable neural overlap for ASL and English production. Both
languages engaged classical left hemisphere language areas, e.g.,
the inferior frontal gyrus and posterior superior temporal regions.
In addition, both signed and spoken narrative production recruited
additional left anterior regions (the anterior insula, lateral premotor
cortex, and anterior SMA) and bilateral posterior brain regions
(inferior parietal cortices, middle temporal gyri, and basal temporal
areas). However, it is unclear which of these regions were recruited
for modality-independent narrative or sentential processes and
which regions were recruited for phonological or lexical processes
that might be shared by sign and speech. A comparison of single
word and single sign production will help tease apart which regions
of overlapping activation are due to sentential versus lexical level
processes.

In addition, a comparison between deaf native signers and
hearing monolingual speakers is important because the neural
activation for ASL-English bilingual language production does not
always parallel monolingual production (Emmorey et al., 2005a).
For example, Emmorey et al. (2005a,b) found that when ASL-
English bilinguals produced English spatial prepositions, the
pattern of neural activation differed from that of monolingual
English speakers and was similar to that observed when deaf
signers produced ASL spatial classifier constructions. Furthermore,
it is possible that more regions of overlapping activation between
English and ASL are observed for hearing bilinguals because both
languages may always be “on” to some extent. For example, ASL-
English bilinguals have been found to unintentionally produce
ASL signs as co-speech gesture when conversing with mono-
lingual English speakers (Emmorey et al., 2005b). Many
investigators have argued that the bilingual brain is not equal to
two monolingual brains in one body (e.g., Grosjean, 1989; Hull
and Vaid, 2005). Therefore, to investigate the extent of overlap
between the neural systems that control speaking versus signing
without the confound of bilingualism, it is necessary to directly
compare word production by monolingual English speakers and
sign production by Deaf signers for whom ASL is their primary
language.

Finally, several studies of sign language production have
observed activation .in " the left. superior parietal lobule (SPL)
(Corina et al., 2003; Emmorey et al., 2003; Petitto et al., 2000
[supplement tables]; San Jose-Robertson et al., 2004). However,
Indefrey and Levelt (2004) found that left SPL was not reliably
activated during spoken word production. Furthermore, Braun et
al. (2001) found that left SPL was significantly more activated
during signing than during speaking. Braun et al. (2001)
hypothesized that ASL production might uniquely engage left
parietal cortex because the grammar of ASL relies on syntactic
constructions that are “spatialized,” i.e., locations in signing space
are used to express grammatical relations. If so, then we should not
observe left SPL activation for single sign production. A
comparison of single word and single sign production may help
to clarify the role of the left superior parietal lobe in signing.

We performed a cross-cohort analysis of PET data generated by
parallel neuroimaging experiments in deaf ASL signers and
hearing English speakers to assess which neural regions are
equally engaged for lexical production in ASL and English and

which neural regions are differentially engaged for sign versus
word production.

Methods
Participants

Twenty-nine deaf ASL signers participated in three separate
PET studies (Emmorey et al., 2002, 2003, 2004). The participants
were 14 men and 15 women, aged 20-38 (mean=25 years), with
12 years or more of formal education. All participants were right
handed and were prelingually and profoundly deaf. All participants
used ASL as their preferred and primary language, and none had
any history of neurological or psychiatric disease.

Sixty-four monolingual English speakers participated in another
series of PET studies (Damasio et al., 1996, 2001, 2004). The
participants were 29 men and 35 women, aged 20-54
(mean=30 years), with 12 years or more of formal education.
All participants were right handed, had normal hearing, and none
had any history of neurological or psychiatric disease.

Procedures

Experimental tasks

Participants were presented with a series of object pictures and
were asked to overtly name each object. In the deaf group, 9
participants named photographs of animals (4m/5f), 10 named
photographs of manipulable tools and utensils (5m/5f) and 10
named line-drawn concrete objects in various categories (5m/5f).
In the hearing group, 29 participants named photographs of
animals (14m/15%), 25 named photographs of manipulable tools
and utensils (10m/15f) and 10 named line-drawn concrete objects
in various categories (5m/5f). ASL signers produced signs with
their right hand in a modified whisper mode so that the hand did
not touch the face. English speakers produced each name aloud.

Analysis of the data across these experiments was facilitated by
the fact that all of the studies employed the same standard
sensorimotor baseline task, in which participants saw unfamiliar
faces presented normally (upright) or upside down and were asked
to indicate YES (or “up”) for upright faces and NO (or “down”) for
upside down faces. Thus, participants made an overt response, but
no naming was involved. In this cross-cohort analysis, the images
generated during this “standard baseline” task were used as an
arbitrary activity standard, i.e., they were subtracted from all
naming task images in the study, deaf and hearing, to control for
task-unrelated subject-specific factors (e.g., anatomic differences
remaining after coregistration). For the conjunction analysis, the
baseline task was also used as a control for basic sensorimotor
aspects of the naming task. This approach assumes that the base-
line tasks are equivalent across experimental contexts, something
that we could not test directly, but that seems reasonable, given that
at least 15 min elapsed between tasks in PET studies, and that the
task is easy and virtually automatic.

Image acquisition and analysis

In each of the original experiments, PET data were acquired
with a GE 4096B tomograph using the [150]water method
(Hichwa et al., 1995). Reconstructed images of the distribution of
radioactive counts from each injection were coregistered with each
other using AIR (Woods et al., 1993). PET and MR data were
coregistered using PET-Brainvox fiducials (Damasio et al., 1994;
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Grabowski et al., 1995) and AIR (Woods et al., 1993). Talairach
space was constructed directly for each participant via user-
identification of the anterior and posterior commissures and the
midsagittal plane on the 3D MRI data set in Brainvox. An
automated planar search routine defined the bounding box and a
piecewise linear transformation was used (Frank et al., 1997), as
defined in the Talairach atlas (Talairach and Tournoux, 1988).
After Talairach transformation, the MR data sets were warped (AIR
Sth order nonlinear algorithm) to an atlas space constructed by
averaging 50 normal Talairach-transformed brains, rewarping each
brain to the average, and finally averaging them again, analogous
to the procedure described in Woods et al. (1999). The PET data
were warped to the atlas space using the AIR warping parameters
generated from the registration of the structural MR images to the
atlas space. The co-registered MR images were used to mask away
extracerebral voxels from the PET images; subsequently the PET
data were smoothed with an isotropic 16 mm Gaussian kernel by
Fourier transformation, complex multiplication, and reverse Four-
ier transformation. Participants performed each task (naming,
standard baseline) twice, but these images were averaged, so that
one contrast image per participant was entered into the random
effects analysis (i.e., the dependent variable was the difference
between the naming and standard baseline tasks). The statistical
analysis was performed using, tal programs, a suite of modular
general purpose custom image processing software that we have
used for a number of PET and morphological imaging studies
(Frank et al., 1997, Grabowski et al., 1996, Emmorey et al., 2003,
2004, 2005a,b). The multiple regression module, tal regress, is
based on Gentleman’s least squares routines (Miller, 1991), and
was cross-validated against SAS (Frank et al., 1997; Grabowski et
al., 1996). Group membership (hearing, deaf) was the covariate of
interest. Gender and task type (naming animals, naming tools,
naming line-drawn objects) were included as covariates of no
interest.

Main effects and interactions were tested with #-tests, and
thresholded using random field theory (Worsley, 1994; Worsley et

Table 1

al., 1992). A search volume was restricted a priori to left frontal,
temporal, parietal, and right parietal lobes. The critical t value
(familywise error rate p<0.05, corrected for multiple spatial
comparisons over 25 resels) was 3.82. A conjunction analysis
identified voxels that showed a significant contrast in both subject
groups between the naming and standard baseline tasks (Nichols
et al., 2005). We also performed an interaction analysis to ascer-
tain voxels at which the contrast between naming and standard
baseline tasks was significantly different between the subject
groups. The interaction image was also used to help interpret
the conjunction analysis. Voxels that showed a conjunction of
effects across subject groups but no evidence of interaction at
uncorrected thresholds (]f > 1.67) were taken to demonstrate an
equivalent degree of activation for signing and speaking (Price
and Friston, 1997). Data were displayed on average MR
images in Talairach space. Exploratory conjunction and inter-
action analyses were also performed, over the entire scanned
volume, using ‘the more conservative threshold dictated by
random field theory for the larger number of resels (203 resels,
critical #(88)=4.54).

Finally, we also tested explicitly for an interaction between
subject group (deaf signers, hearing speakers) and task type
(naming animals, naming tools, naming line-drawn objects). No
significant interactions were found, inside or outside the search
volume.

Results

The results are presented in Table 1 and Fig. 1. The conjunction
analysis revealed that the left inferior frontal gyrus was
equivalently engaged by deaf and hearing subjects during speech
and sign production (—45, +28, +16); see Fig. 1A. A region within
the left mesial temporal lobe (—34, —30, —14) and another in the
left parieto-occipital transition zone (—28 —78 +37) were also
engaged equivalently for both languages during the naming tasks.
The left posterior inferotemporal cortex (=51, —51, —10) was

Results of the conjunction and interaction analyses between ASL sign production and English word production

Region Conjunction analysis

Interaction analysis

Activation for both for signing and speaking

Greater activation for signing than for speaking

Tgg coordinates t deaf, ¢ hearing Tgg coordinates t (88 dof)
X Y Z X Y Z

Frontal lobe

L IFG (BA 45) —45 +28 +16 4.89,4.95

Parietal lobe

L SMG (BA 40) -60 -35 +27 4.25

L SPL (BA 7) -32 —46 +52 4.59

(BA 7) =10 -62 +59 4.53

Temporal lobe

L mesial temporal -34 =30 -14 4.38, 4.00

L inferotemporal (BA 37) =51 =51 -10 6.96, 5.72

Occipital lobe

L Parieto-occipital (BA 19) -28 -78 +37 5.27,5.74

Mesial (BA 17,18) -8 =73 +17 6.00, 5.36

Talairach coordinates indicate peak activation maxima. Bolding indicates regions that showed no evidence of an interaction with subject group. No regions were

more active for speaking than signing.
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Fig. 1. (A) Regions displaying the conjunction effect of lexical production during picture naming for Deaf ASL signers and hearing English speakers. (B)
Regions displaying greater activation for signing than for speaking. No regions were significantly more active for speaking than for signing. Color scale and Z
levels of the axial slices are shown. Only the deep red represents significant activation; the other levels are shown to provide a sense of the regions with

subthreshold activation.

engaged significantly by both groups, though there was a
nonsignificant trend (interaction t>1.67 but <3.82) for more
activity in the deaf group. An exploratory analysis at the whole
brain level, using a more conservative threshold revealed a
conjunction of activity in the mesial occipital cortex (+1 —70,
+10), again with a nonsignificant trend for more activity in the deaf
group.

The interaction analysis revealed that two regions within the
left parietal lobe were more active for sign' than for word
production (see Fig. 1B): the supramarginal gyrus (=60, —35,
+27) and the superior parietal lobule (two maxima: —26, —51,
+54; —11, =63, +57). The superior parietal lobule loci are near the
boundary of the volume of brain in which all subjects were
scanned. If the whole brain had been scanned; it is possible that
these regions would have been more extensive and confluent. No
region was found to be more active during word production than
during sign production. The exploratory, whole brain analysis for
interaction effects revealed no additional areas of interaction
outside the search volume.

Discussion

As predicted, both sign and word production engaged the left
inferior frontal gyrus, specifically BA 45, the anterior portion of
Broca’s area. The fact that Broca’s area was activated to an equal
extent for both sign and speech indicates a modality-independent
role for this region in language production and is consistent with
previous research. Thus, the function of Broca’s area is not
strongly tied to oral-acoustic phonological features of spoken
language. Despite the anatomical proximity of Broca’s area to the
sensori-motoric representation of the orofacial articulators and the
anatomical connections between Broca’s area and auditory
cortices, these results indicate that this neural region is nonetheless
intimately involved in the production of a visual-manual language.

Indefrey and Levelt (2004) proposed that Broca’s area plays a
critical role in syllabification during word production. However,
multisyllabic signs (more than two syllables) are rare in ASL and
in other signed languages. In fact, most ASL signs are
monosyllabic (Brentari, 1998), and there is little evidence for
onset-thyme distinctions, the existence of a syllabury, or for
resyllabification processes. The process of syllabification for signs
and for words appears to be quite different, and therefore, we
suggest that equal engagement of Broca’s area during sign and
word production does not arise from shared syllabification
processes. Rather, Broca’s area appears to be recruited for a
number of different cognitive and linguistic functions. Other
candidates for lexical processes that might engage Broca’s area for
both sign and word production include lexical-semantic functions
related to lexical retrieval (e.g., Cappa and Perani, 2006) and
phonological, syntactic, and semantic feature binding (Hagoort,
2006). In addition, Broca’s area may subserve modality-indepen-
dent, domain-general processes, such as cognitive control functions
(Thompson-Schill et al., 2005) or selecting and inhibiting
hierarchically organized action plans (Koechlin and Jubault, 2006).

The conjunction analyses also indicated that both sign and word
production engaged left temporal regions, which are likely to be
involved in conceptually driven lexical access (Indefrey and
Levelt, 2004). For both speakers and signers, activation within the
left inferior temporal gyrus may reflect prelexical conceptual
processing of the pictures to be named, while activation within the
more mesial temporal regions may reflect lemma selection, prior to
phonological code retrieval. Overall, the conjunction results argue
for a modality-independent fronto-temporal network that subserves
both sign and word production.

The conjunction analysis reported in Braun et al. (2001) for
signed and spoken narratives detected several additional regions of
joint activation that were not observed in our study of lexical
production. Many regions of joint activation identified by the Braun
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et al. (2001) study may be tied to the production of autobio-
graphical narratives. For example, the SMA has been associated
with internal self-generated speech, as opposed to external
stimulus-generated speech (Guenther et al., 2006). Premotor
cortices and the insula may be more strongly engaged during
narrative production than during single word/sign production due
to the more complex articulation processes required for sentence
production. In addition, our results are consistent with Braun et al.’s
(2001) hypothesis that bilateral posterior temperoparietal brain
regions are engaged in the encoding of discourse-related semantic
information.

Lastly, the conjunction analysis revealed activation in occipital
cortex (Table 1; Fig. 1A). This region extended from the mesial
temporal area in both hemispheres through the left supracalcarine
region to the left parieto-occipital border zone (BA 17, 18, 19). We
hypothesize that activation of these regions, among which dorsal
visual stream regions are prominent, is not due to lexical
production processes. Rather, this activation is likely associated
with visual attention and search processes, including more
exploratory eye movements, that were required for the picture
naming tasks, but not for the much less effortful face-orientation
decision task that was used as the standard baseline condition.

The interaction results indicated that left parietal cortices are
uniquely recruited for the production of lexical signs (see Fig. 1B).
One region of sign-specific activation was the left supramarginal
gyrus (SMG). This region is not typically activated in word
production studies that utilize picture naming (Indefrey and Levelt,
2004). However, activation in left SMG has been reported during
spoken word repetition (Shuster and Lemieux, 2005), delayed
picture naming (Kemeny et al., 2006), and under conditions of
delayed auditory feedback (Hashimoto and Sakai, 2003). All of
these tasks involve the temporary storage of phonological
representations, and left SMG has been shown to play a role in
phonological working memory for both speech and. sign
(Buchsbaum et al., 2005; Jacquemot and Scott, 2006). However,
the confrontation naming task used in our study did not involve the
temporary storage of signs or words, and it is unlikely that the
sign-specific SMG activation we observed - reflected working
memory processes.

Within the DIVA model of speech production (Directions in
Velocities of Articulators) proposed by Guenther and colleagues
(Bohland and Guenther, 2006; Guenther et al., 2006), the left
inferior SMG is hypothesized to play a role in monitoring and
guiding speech articulator movements. Specifically, somatosensory
error maps are hypothesized to lie within the inferior parietal cortex
along the anterior supramarginal gyrus, posterior to the primary
somatosensory representations of the speech articulators. Somato-
sensory error maps are utilized during somatosensory target
learning and feedback-based control. However, the primary
somatosensory representations of the sign articulators (the hands
and arm) are located more superiorly, adjacent to superior parietal
cortex (Hlustik et al., 2001; Maldjian et al., 1999).

Interestingly, Rumiati et al. (2004) found activation within left
SMG at a nearly identical site (—58, —32, +30) when hearing
participants were asked to imitate or perform pantomimes of object
use. Hesse et al. (2006) argue that neural activity in left SMG
underlies the selection and planning of motor movements of the
hand and arm, independent of the actual execution of the
movement. For ASL, left SMG may play a role in the phonological
encoding of signs. In a cortical stimulation mapping study, Corina
et al. (1999) reported that stimulation within left SMG (site PO)

resulted in phonological and semantic substitutions during a
picture-naming task by a deaf ASL signer. For example, when
producing the ASL sign PIG, the signer produced a clearly
articulated 3-handshape (thumb, index, and middle fingers
extended) instead of the correct B-handshape (all fingers extended
and touching). Corina et al. (1999) hypothesized that left SMG
supports aspects of phonological encoding for sign language, such
as selection of the hand configuration, place of articulation, and
movement features of a sign.

Finally, the peak activation site within left SMG was close to
the site where MacSweeney and colleagues (MacSweeney et al.,
2002) reported greater activation for the perception of British Sign
Language compared to audio-visually perceived spoken English
(—55, —47, +34). Thus, left SMG appears to play a greater role in
both the perception and the production of sign language compared
to spoken language. This region within the inferior parietal lobule
may function to bind together the disparate spatial, temporal, and
configural phonological elements of sign (i.e., locations on the
body, movements. of the hands/fingers, and handshapes). The
integration of these elements into a phonological representation is
necessary for both the perception and production of sign language.
In support of this hypothesis, the left supramarginal gyrus has been
shown to play a crucial role in the integration of spatial and
temporal information when perceiving action (Assmus et al., 2003,
2005) and when planning hand movements (Hesse et al., 2006).

As predicted, the left superior parietal lobule was uniquely
engaged for sign production. However, the peak activation sites
were more posterior and superior than the activation sites observed
by Braun et al. (2001) for signed narratives. Therefore, our
findings are consistent with the hypothesis that the SPL activation
observed by Braun et al. (2001) may be due to the use of signing
space to express syntactic relations in ASL. Petitto et al. (2000;
supplement Table 8) reported activation in SPL at very similar
sites to what we report (=29, —46, +54; see Table 1) when deaf
signers repeated ASL nouns (=27, —47, +63) or generated verbs
(—23, —49, +66), in comparison to a fixation baseline. Other
studies of single sign production also report activation in left
parietal cortex, but in slightly inferior regions (Corina et al., 2003;
San Jose-Robertson et al., 2004).

We hypothesize that sign production, unlike word production,
may recruit left SPL for the proprioceptive monitoring of
language output. Lesion, neuroimaging, and TMS data indicate
a role for the superior parietal lobule in proprioception and the
assessment and monitoring of self-generated movements (e.g.,
MacDonald and Paus, 2003; Pellijeff et al., 2006; Wolpert et al.,
1998). Interestingly, Corina et al. (2003) found increased activation
in left superior parietal cortex when right-handed signers produced
signs with their left hand. It is possible that this increase in
activation was due to the need for increased monitoring and
assessment of the movement and hand configuration of the non-
dominant hand.

Furthermore, proprioceptive monitoring may play a more
important role in sign production because visual monitoring of
signing (unlike auditory monitoring of speech) presents an unusual
signal for language perception. For spoken language, speakers can
monitor their speech output by listening to their own voice — a
perceptual loop feeds back to the speech comprehension mechan-
ism (Levelt, 1989). In contrast, signers do not look directly at their
hands and cannot see their own faces (nb: facial expressions
convey grammatical information). The visual input from their own
signing is quite distinct from the visual input of another‘s signing.
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Therefore, a simple perceptual loop that feeds back to the sign
comprehension mechanism is problematic. Sign production may
crucially involve proprioceptive monitoring of hand and arm
movements, hand posture, and body part location (particularly
because sign production is not visually guided).

Another clue to the function of the neural activity in left parietal
cortices for sign production can be found in our previous research
comparing signing with finger-spelling (Emmorey et al., 2003).
Although both signing and finger-spelling involve manual
articulation, lexical signs differ from finger-spelled words with
respect to phonological structure and complexity. Finger-spelled
words contain sequences of handshapes that represent English
letters. In contrast, phonological constraints limit the number and
type of handshape sequences that can appear in lexical ASL signs
(Brentari and Padden, 2001). Although finger-spelled words
contain more complex hand configuration sequences, lexical signs
exhibit a richer and more varied phonological structure because
place of articulation on the body must be specified (e.g., forehead,
nose, chin, chest, arm, etc.), along with movement features (e.g.,
path movement and/or secondary movements such as finger
wiggling, wrist twisting, etc.). When the production of lexical signs
was contrasted with finger-spelled words, Emmorey et al. (2003)
found greater activation for signs in left SMG (—51, —36, +26) and
SPL (=15, =59, +55). We hypothesize that greater engagement of
left parietal regions during signing compared to finger-spelling
reflects the greater phonological complexity of signs with respect
to variable body locations and movement features that must be
encoded and monitored during sign production.

Finally, the interaction analysis did not reveal any regions that
were more engaged for word than sign production. In‘contrast,
Braun et al. (2001) found greater activity for speech in left
prefrontal and subcortical areas. They proposed that speech
preferentially engages a prefrontal corticostriatal-thalamocortical
circuit, which plays a role in the timing and sequencing of cog-
nitive and motor behaviors. Greater activity in this circuit for
speech may reflect more intense sequencing and timing demands
for spoken language at all linguistic levels. Words tend to contain
more segments and syllables than signs, but also English
morphemes are arrayed linearly, rather than simultaneously as
in ASL. English contains prefixes and suffixes, while ASL
superimposes movements on sign stems to create morphologically
complex signs. English sentences tend to contain more words that
need to be ordered because ASL is a pro-drop language, does not
require determiners, and contains few function words. The
additional sequencing and timing demands above the level of
the word may result in significant differential activation within
the prefrontal corticostriatal-thalamocortical circuit for spoken
narratives.

In sum, the comparison of sign production by deat ASL signers
and word production by hearing English speakers revealed regions
of modality-independent neural activity within the left inferior
frontal gyrus and left temporal regions, which are hypothesized to
be involved in conceptually driven lexical access processes. Within
the left parietal lobe, two regions were differentially engaged for
sign production, reflecting modality-specific output parameters for
sign language. We hypothesize that activation within the left
supramarginal gyrus reflects phonological assembly and encoding
in ASL (e.g., the selection of hand configuration and location
features), while activation in the left superior parietal lobule
reflects proprioceptive monitoring of manual and brachial language
output.

Acknowledgments

This research was supported by grants from the National
Institute on Deafness and other Communicative Disorders: 1 P50
DC 03189, awarded to the University of lowa and to The Salk
Institute for Biological Studies and RO1 DC006708, awarded to
San Diego State University.

References

Assmus, A., Marshall, J.C., Ritzl, A., Noth, J., Zilles, K., Fink, G.R., 2003.
Left inferior parietal cortex integrates time and space during collision
judgments. Neurolmage 20 (Suppl. 1), S82—S88.

Assmus, A., Marshall, J.C., Noth, J., Zilles, K., Fink, G.R., 2005. Difficulty
of perceptual spatiotemporal integration modulates the neural activity of
left inferior parietal cortex. Neuroscience 132 (4), 923-927.

Bohland, J.W., Guenther, F.H., 2006. An fMRI investigation of syllable
sequence production. Neurolmage 32 (2), 821-841.

Braun, A.R., Guillemin, A., Hosey, L., Varga, M., 2001. The neural
organization of discourse—An (H20)-O-15-PET study of narrative
production in English and American sign language. Brain 124,
2028-2044.

Brentari, D., 1998. A Prosodic Model of Sign Language Phonology. The
MIT Press, Cambridge, MA.

Brentari, D., Padden, C., 2001. A lexicon of multiple origins: native and
foreign vocabulary in American Sign Language. In: Brentari, D. (Ed.),
Foreign Vocabulary in Sign Languages: A Crosslinguistic Investiga-
tion of Word Formation. Lawrence Erlbaum Associates, Mahwah,
pp. 87—-119.

Broca, P., 1861. Remarques sur le Siége de la Faculté du Langage Articulé,
Suivies d’une Observation d’aphémie (Perfe de la Parole). Bull. Soc.
Anat. Paris 6, 330-357.

Buchsbaum, B., Pickell, B., Love, T., Hatrak, M., Bellugi, U., Hickok, G.,
2005. Neural substrates for verbal working memory in deaf signers:
fMRI study and lesion case report. Brain Lang. 95 (2), 265-272.

Cappa, S.F., Perani, D., 2006. Broca’s area and lexical-semantic processing.
In: Grodzinsky, Y., Amunts, K. (Eds.), Broca’s Region. Oxford Univ.
Press, Oxford, pp. 187-195.

Corina, D.P., San Jose-Robertson, L., Guillemin, A., High, J., Braun, A.R.,
2003. Language lateralization in a bimanual language. J. Cogn.
Neurosci. 15 (5), 718-730.

Damasio, H., Grabowski, T.J., Frank, R., Knosp, B., Hichwa, R.D., Watkins,
G.L., et al, 1994. PET-Brainvox, a technique for neuroanatomical
analysis of positron emission tomography images. In: Uemura, K.,
Lassen, N.A., Jones, T., Kanno, I. (Eds.), Quantification of Brain
Function. Elsevier, Amsterdam, pp. 465-474.

Damasio, H., Grabowski, T.J., Tranel, D., Hichwa, R.D., Damasio, A.R.,
1996. A neural basis for lexical retrieval. Nature 380 (6574), 499—505.

Damasio, H., Grabowski, T.J., Tranel, D., Ponto, L.L., Hichwa, R.D.,
Damasio, A.R., 2001. Neural correlates of naming actions and of naming
spatial relations. Neurolmage 13 (6 Pt. 1), 1053—1064.

Damasio, H., Tranel, D., Grabowski, T., Adolphs, R., Damasio, A., 2004.
Neural systems behind word and concept retrieval. Cognition 92 (1-2),
179-229.

Emmorey, K., Damasio, H., McCullough, S., Grabowski, T., Ponto, L.L.,
Hichwa, R.D., et al., 2002. Neural systems underlying spatial language
in American Sign Language. Neurolmage 17 (2), 812—824.

Emmorey, K., Grabowski, T., McCullough, S., Damasio, H., Ponto, L.L.,
Hichwa, R.D., et al., 2003. Neural systems underlying lexical retrieval
for sign language. Neuropsychologia 41 (1), 85-95.

Emmorey, K., Grabowski, T., McCullough, S., Damasio, H., Ponto, L.,
Hichwa, R., et al., 2004. Motor-iconicity of sign language does not alter
the neural systems underlying tool and action naming. Brain Lang. 89
(1), 27-37.

Emmorey, K., Borinstein, H., Thompson, R., 2005a. Bimodal bilingualism:
code-blending between spoken English and American Sign Language.

neuroimage.2007.02.040

Please cite this article as: Emmorey, K., et al., The neural correlates of sign versus word production, Neurolmage (2007), doi:10.1016/j.

520

521
522
523
524
525

527
528
529
530
531
532
533
534
535
536
537
538
539
540
541
542
543
544
545
546
547
548
549
550
551
552
553
554
555
556
557
558
559
560
561
562
563
564
565
566
567
568
569
570
571
572
573
574
575
576
577
578

580
581
582


http://dx.doi.org/10.1016/j.neuroimage.2007.02.040
http://dx.doi.org/10.1016/j.neuroimage.2007.02.040

583
584
585
586
587
588
589
590
591
592
593
594
595
596
597
598
599
600
601
602
603
604
605
606
607
608
609
610
611
612
613
614
615
616
617
618
619
620
621
622
623
624
625
626
627
628
629
630
631
632
633
634
635
636
637
638
639
640
641

701

K. Emmorey et al. / Neurolmage xx (2007) xxx—xxx 7

Paper Presented at the Proceedings of the 4th International Symposium
on Bilingualism.

Emmorey, K., Grabowski, T., McCullough, S., Ponto, L.L., Hichwa, R.D.,
Damasio, H., 2005b. The neural correlates of spatial language in English
and American Sign Language: a PET study with hearing bilinguals.
Neurolmage 24 (3), 832—840.

Frank, R.J., Damasio, H., Grabowski, T.J., 1997. Brainvox: an interactive,
multimodal visualization and analysis system for neuroanatomical
imaging. Neurolmage 5 (1), 13-30.

Geschwind, N., 1970. The organization of language in the brain. Science
170, 940-944.

Grabowski, T.J., Damasio, H., Frank, R., Hichwa, R.D., Ponto, L.L.,
Watkins, G.L., 1995. A new technique for PET slice orientation and
MRI-PET coregistration. Hum. Brain Mapp. 2, 123—133.

Grabowski, T.J., Frank, R., Brown, C.K., Damasio, H., Boles Ponto, L.L.,
Watkins, G.L., et al., 1996. Reliability of PET activation across
statistical methods, subject groups, and sample sizes. Hum. Brain Mapp.
4, 23-46.

Grosjean, F., 1989. Neurolinguists, beware! The bilingual is not two
monolinguals in one person. Brain Lang. 36 (1), 3—15.

Guenther, F.H., Ghosh, S.S., Tourville, J.A., 2006. Neural modeling and
imaging of the cortical interactions underlying syllable production. Brain
Lang. 96 (3), 280-301.

Hagoort, P., 2006. On Broca, brain, and binding. In: Grodzinsky, Y.,
Amunts, K. (Eds.), Broca’s Region. Oxford Univ. Press, Oxford,
pp. 242-253.

Hashimoto, Y., Sakai, K.L., 2003. Brain activations during conscious self-
monitoring of speech production with delayed auditory feedback: an
fMRI study. Hum. Brain Mapp. 20 (1), 22-28.

Hesse, M.D., Thiel, C.M., Stephan, K.E., Fink, G.R., 2006. The left parietal
cortex and motor intention: an event-related functional magnetic
resonance imaging study. Neuroscience 140 (4), 1209-1221.

Hichwa, R.D., Ponto, L.L., Watkins, G.L., 1995. Clinical blood flow
measurement with [150]water and positron emission tomography (PET).
In: Emran, A.M. (Ed.), Chemists’ Views of Imaging Centers,
Symposium Proceedings of the International Symposium on “Chemists’
Views of Imaging Centers”. Plenum Publishing, New York.

Hlustik, P., Solodkin, A., Gullapalli, R.P., Noll, D.C:, Small, S.L.; 2001.
Somatotopy in human primary motor and’ somatosensory hand
representations revisited. Cereb. Cortex 11 (4), 312-321.

Horwitz, B., Amunts, K., Bhattacharyya, R., Patkin, D., Jeffries, K., Zilles,
K., et al.,, 2003. Activation of Broca’s area during the production of
spoken and signed language: a combined cytoarchitectonic mapping and
PET analysis. Neuropsychologia 41 (14), 1868—1876.

Hull, R., Vaid, J., 2005. Clearing the cobwebs from the study of the bilingual
brain. In: Kroll, J.F., Groot, A:M.B.D. (Eds.), Handbook of Bilingua-
lism: Psycholinguistic Approaches. Oxford Univ. Press, Oxford,
pp. 480-496.

Indefrey, P., Levelt, W.J.,2004. The spatial and temporal signatures of word
production components. Cognition 92 (1-2), 101-144.

Jacquemot, C., Scott, S.K., 2006. What is the relationship between
phonological short-term memory and speech processing? Trends
Cogn. Sci. 10 (11), 480-486.

Kemeny, S., Xu, J., Park, G.H., Hosey, L.A., Wettig, C.M., Braun, A.R.,
2006. Temporal dissociation of early lexical access and articulation
using a delayed naming task—An FMRI study. Cereb. Cortex 16 (4),
587-595.

Koechlin, E., Jubault, T., 2006. Broca’s areca and the hierarchical
organization of human behavior. Neuron 50 (6), 963—-974.

Levelt, W.J.M., 1989. Speaking: From Intention to Articulation. The MIT
Press, Cambridge.

MacDonald, P.A., Paus, T., 2003. The role of parietal cortex in awareness of
self-generated movements: a transcranial magnetic stimulation study.
Cereb. Cortex 13 (9), 962-967.

MacSweeney, M., Woll, B., Campbell, R., McGuire, P.K., David, A.S.,
Williams, S.C., et al., 2002. Neural systems underlying British Sign
Language and audio-visual English processing in native users. Brain 125
(Pt. 7), 1583—1593.

Maldjian, J.A., Gottschalk, A., Patel, R.S., Detre, J.A., Alsop, D.C., 1999.
The sensory somatotopic map of the human hand demonstrated at 4
Tesla. Neurolmage 10 (1), 55-62.

McGuire, PK., Robertson, D., Thacker, A., David, A.S., Kitson, N.,
Frackowiak, R.S., et al., 1997. Neural correlates of thinking in sign
language. NeuroReport 8 (3), 695-698.

Miller, A.J., 1991. Least squares routines to supplement those of Gentleman
[AS 274]. Appl. Stat. 41, 458—478.

Nichols, T., Brett, M., Andersson, J., Wager, T., Poline, J.B., 2005. Valid
conjunction inference with the minimum statistic. Neurolmage 25,
653—-660.

Pellijeff, A., Bonilha, L., Morgan, P.S., McKenzie, K., Jackson, S.R., 2006.
Parietal -updating of limb posture: an event-related fMRI study.
Neuropsychologia.

Petitto, L.A., Zatorre, R.J., Gauna, K., Nikelski, E.J., Dostie, D., Evans,
A.C., 2000. Speech-like cerebral activity in profoundly deaf people
processing signed languages: implications for the neural basis of human
language. Proc. Natl. Acad. Sci. U. S. A. 97 (25), 13961-13966.

Poizner, H., Klima, E., Bellugi, U., 1987. What the Hands Reveal About the
Brain. MIT Press, Cambridge, MA.

Price, C.J., Friston, K.J., 1997. Cognitive conjunction: a new approach to
brain activation experiments. Neurolmage 5, 261-270.

Rumiati, R.I., Weiss, P.H., Shallice, T., Ottoboni, G., Noth, J., Zilles, K.,
et al.,, 2004. Neural basis of pantomiming the use of visually presented
objects. Neurolmage 21 (4), 1224-1231.

Sandler, W., Lillo-Martin, D., 2006. Sign Language and Linguistic
Universals. Cambridge Univ. Press, Cambridge.

San Jose-Robertson, L., Corina, D.P., Ackerman, D., Guillemin, A., Braun,
A.R., 2004. Neural systems for sign language production: mechanisms
supporting lexical selection, phonological encoding, and articulation.
Hum. Brain Mapp. 23 (3), 156—167.

Shuster, L.I., Lemieux, S.K., 2005. An fMRI investigation of covertly and
overtly produced mono- and multisyllabic words. Brain Lang. 93 (1),
20-31.

Talairach, J., Tournoux, P., 1988. Co-Planar Stereotaxic Atlas of the Human
Brain. Thieme, New York.

Thompson-Schill, S.L., Bedny, M., Goldberg, R.F., 2005. The frontal lobes
and the regulation of mental activity. Curr. Opin. Neurobiol. 15 (2),
219-224.

Wolpert, D.M., Goodbody, S.J., Husain, M., 1998. Maintaining internal
representations: the role of the human superior parietal lobe. Nat.
Neurosci. 1 (6), 529-533.

Woods, R.P., Mazziotta, J.C., Cherry, S.R., 1993. MRI-PET registration with
automated algorithm. J. Comput. Assist. Tomogr. 17, 536—546.

Worsley, K.J., 1994. Local maxima and the expected Euler characteristic of
excursion sets of chi-squared, F and t fields. Adv. Appl. Probab. 26,
13-42.

Worsley, K.J., Evans, A.C., Marrett, S., Neelin, P, 1992. A three-
dimensional statistical analysis for CBF activation studies in human
brain. J. Cereb. Blood Flow Metab. 12, 900-918.

neuroimage.2007.02.040

Please cite this article as: Emmorey, K., et al., The neural correlates of sign versus word production, Neurolmage (2007), doi:10.1016/j.

642
643
644
645
646
647
648
649
650
651
652
653
654
655
656
657
658
659
660
661
662
663
664
665
666
667
668
669
670
671
672
673
674
675
676
677
678
679
680
681
682
683
684
685
686
687
688
689
690
691
692
693
694
695
696
697
698
699
700


http://dx.doi.org/10.1016/j.neuroimage.2007.02.040
http://dx.doi.org/10.1016/j.neuroimage.2007.02.040

	The neural correlates of sign versus word production
	Introduction
	Methods
	Participants
	Procedures
	Experimental tasks
	Image acquisition and analysis


	Results
	Discussion
	Acknowledgments
	References




