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Abstract: Studies of spoken and written language suggest that the perception of sentences engages the left
anterior and posterior temporal cortex and the left inferior frontal gyrus to a greater extent than
nonsententially structured material, such as word lists. This study sought to determine whether the same
is true when the language is gestural and perceived visually. Regional neural activity was measured using
functional MRI while Deaf and hearing native signers of British Sign Language (BSL) detected semantic
anomalies in well-formed BSL sentences and when they detected nonsense signs in lists of unconnected
BSL signs. Processing BSL sentences, when contrasted with signed lists, was reliably associated with
greater activation in the posterior portions of the left middle and superior temporal gyri and in the left
inferior frontal cortex, but not in the anterior temporal cortex, which was activated to a similar extent
whether lists or sentences were processed. Further support for the specificity of these areas for processing
the linguistic—rather than visuospatial—features of signed sentences came from a contrast of hearing
native signers and hearing sign-naive participants. Hearing signers recruited the left posterior temporal
and inferior frontal regions during BSL sentence processing to a greater extent than hearing nonsigners.
These data suggest that these left perisylvian regions are differentially associated with sentence process-
ing, whatever the modality of the linguistic input. Hum Brain Mapp 27:63-76, 2006.  © 2005 Wiley-Liss, Inc.
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INTRODUCTION

Neuroimaging studies of spoken language perception
have greatly increased our understanding of the neural net-
works involved within different linguistic subdomains. In a
recent meta-analysis of neuroimaging studies, Indefrey and
Cutler [2004] identified the regions most robustly associated
with passive listening to spoken language at the lexical
(single word) and the sentential level. They found that pro-
cessing word lists and sentences both recruit the left inferior
frontal gyrus and the anterior and posterior middle and
superior temporal gyri bilaterally. Only when an appropri-
ately complex auditory baseline condition is employed does
left temporal lobe dominance for language processing be-
come evident [e.g., Scott et al., 2000]. Within the left tempo-
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ral lobe, the increased semantic and/or syntactic complexity
of sentences leads to the enhanced recruitment of the ante-
rior and posterior portions of the middle and superior tem-
poral gyri.

The left posterior middle and superior temporal gyri have
been identified in a number of studies comparing sentences
and nonsententially structured material. These regions have
been reported as showing greater activation when partici-
pants listen to sentences than when they listen to any of the
following: word lists [Friederici et al., 2000], foreign lan-
guages [Schlosser et al., 1998], auditorily complex nonspeech
stimuli [Narain et al., 2003], and sequences of environmental
sounds describing an event [Humphries et al., 2001]. The
anterior portion of the left temporal lobe, including the tem-
poral pole, also appears to play a special role in the process-
ing of spoken sentences. Although recruited to some extent
during single-word processing [Price et al., 1996], the left
anterior temporal lobe is often reported as showing en-
hanced activation as linguistic complexity increases. It is
engaged during auditory sentence processing when this is
contrasted with complex auditory nonspeech stimuli [Crin-
ion et al., 2003; Narain et al., 2003; Scott et al., 2000], mean-
ingful sequences of environmental sounds [Humpbhries et
al., 2001], and listening to lists of unrelated words [Friederici
et al., 2000; Mazoyer et al., 1993]. Evidence for involvement
of the left anterior temporal lobe in supralexical processing
comes not only from functional MRI (fMRI) studies
[Humphries et al., 2002; Narain et al., 2003], which can suffer
from dropout of signal in this region [e.g., Devlin et al.,
2000], but also from studies using PET, in which this is not
a potential confound [e.g., Scott et al., 2000]. Furthermore,
the recruitment of these anterior and posterior temporal
regions during sentence processing is not specific to audi-
tory perception, but has also been observed during sentence
reading, in comparison to reading scrambled sentences
[Vandenberghe et al., 2002] and reading word lists [Stowe et
al., 1999].

The meta-analysis conducted by Indefrey and Cutler
[2004] also identified the pars opercularis of the left inferior
frontal gyrus as being consistently involved in sentence
comprehension when the participant is not required to per-
form any specific task (passive presentation). Studies in
which participants are required to perform a task, such as a
memory or judgment task, usually report more extensive
recruitment of the left prefrontal cortices [see Norris and
Wise, 2000]. Further to this, Friederici [2004] has argued that
the left frontal operculum/insula is involved in syntactic
processing per se, whereas the lateral anterior/superior
parts of the inferior frontal gyrus (Broca’s area, BA44/45) are
engaged during tasks with higher processing demands, in
particular those involving a memory component. In con-
trast, Embick et al. [2000] suggest that these anterior portions
of the left inferior frontal gyrus play a specific role in syn-
tactic processing. The roles of the anterior and posterior
temporal cortices in sentence processing also remain un-
clear. Friederici [2004] attributes activation in the left ante-
rior temporal lobe to “syntactic online processing” and the

left posterior temporal cortex to syntactic integration pro-
cesses. However, the integration of meaningful components
into one message has also been attributed to the anterior
temporal cortex [Vandenberghe et al., 2002]. Whatever the
relative functional specialization of these regions, it is clear
that a predominantly left-lateralized network, involving the
anterior and posterior middle and superior temporal gyri
and portions of the inferior frontal cortex, is involved in
processing syntactically structured material, whether writ-
ten or spoken, to a greater extent than nonsyntactically
structured material, such as word lists.

Evidence for the involvement of the left hemisphere in
processing sign language sentences comes from studies of
Deaf! signers who have suffered brain lesions [e.g., Corina,
1998]. Agrammatic patients have been reported whose pro-
duction of sentences and discourse is severely impaired,
with relatively unimpaired production of single signs [see
Poizner et al., 1987]. Although it has been proposed that
signed languages may make greater demands on the right
hemisphere than written versions of spoken languages
[Neville et al., 1998], most neuroimaging studies, including
Neville et al. [1998], indicate a prominent role for the left
hemisphere in sign language processing [e.g., Emmorey et
al., 2003; MacSweeney et al., 2002a,b, 2004]. Our previous
studies suggest that the neural systems engaged by native
signers viewing signed sentences are remarkably similar to
those recruited by speakers viewing and listening to spoken
sentences [MacSweeney et al., 2002b]. Furthermore, when
perception of British Sign Language (BSL) sentences was
contrasted with strings of meaningless hand and arm ges-
tures of similar length, Deaf signers showed enhanced acti-
vation in the classical language regions in the left hemi-
sphere, including the inferior frontal gyrus and the posterior
superior temporal gyrus [MacSweeney et al., 2004]. How-
ever, no differences were found in the anterior temporal
lobe. Participants had been told that the nonsense stimuli
represented a gestural code that was unfamiliar to them, and
were asked to guess which of the sentences did not make
sense. Thus, they were required to look for meaning in the
input. In addition, the Deaf model added prosody and facial
expression to the nonsense sentences to make them as sim-
ilar to BSL as possible. These two factors may have reduced
the processing differences, and therefore the extent of ob-
served differences in activation, between the sign and non-
sign conditions.

In the present study we explored the neural systems re-
cruited for signed sentence processing using an alternative
comparison condition. Perception of BSL sentences was con-
trasted with perception of signed lists of single lexical items.
Just as in spoken languages, the lexical and syntactic levels
of signed languages can be distinguished. Signs to represent
single referents can be described in terms of their phonolog-
ical structure, which consists of handshape, hand orienta-

! In line with convention, “deaf” is used to refer to an audiological
condition and “Deaf” to refer to deaf people who use a signed
language.
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tion, movement, and hand location [see Emmorey, 2002;
Sutton-Spence and Woll, 1999]. Single signs then combine
into sentences, which make use of “sign space,” a region in
front of the body, in order to refer to agents and actions: that
is, they show spatial as well as temporal ordering.

Only one study to date has explored the neural systems
associated with the perception of single signs. Petitto et al.
[2000] contrasted single-sign perception with fixation and
reported bilateral engagement of the calcarine sulcus and
lingual gyri in the occipital lobe, the posterior middle and
superior temporal gyri and the precentral gyri (see online
Supplementary material). To date, no study has directly
contrasted signed sentences with single signs in order to
explore the contribution of sentence structure, including
sentence prosody and sentence level semantics to the acti-
vation patterns observed in previous neuroimaging studies
of signed sentence processing [e.g.,, MacSweeney et al.,
2002b; Neville et al., 1998].

Using fMRI, we studied Deaf and hearing native signers
of BSL during detection of a nonsign in a list of single signs
and of a semantically anomalous sentence in a sequence of
BSL sentences. A low-level baseline task was also included.
These stimuli may differ in terms of their linguistic complex-
ity: syntactic structure, semantic elaboration, degree of lex-
ical content, and spatial and durational (including rhythmic)
structure. Rather than attempt to control for, or dissociate,
these aspects of sentence processing, the aim of this initial
study was simply to further elucidate the cortical system
involved in processing sign language sentences in general.
However, a further exploration of the cortical regions in-
volved in language processing, as opposed to processing
nonlinguistic aspects of the input, was undertaken. This was
done by contrasting hearing people with no sign language
knowledge and hearing signers on the BSL sentence and
signed list tasks.

Given the similarities we have previously observed be-
tween sign and speech processing, we predicted that in
participants with sign language knowledge processing BSL
sentences, relative to processing single signs, would engage
posterior portions of the left middle and superior temporal
gyri and the left inferior frontal gyrus. Our position regard-
ing the involvement of the left anterior temporal cortex was
open. We had not previously observed differential activa-
tion in this region between BSL and non-BSL sentences
when viewers were required to look for meaning in the
nonsense sentences. In line with reports of written and heard
sentence processing, however, it is possible that differential
activation may be observed in this region when sentences
are contrasted with lists of single lexical items.

Hearing nonsigners were not predicted to show differen-
tial activation in the classical language regions within the
left inferior frontal gyrus and the posterior left middle and
superior temporal gyri when sentences were contrasted with
signed lists. In addition, it was predicted that signers would
show significantly greater activation in these regions than
nonsigners during BSL comprehension, whether of signed
lists or sentences.

SUBJECTS AND METHODS
Participants

Eighteen right-handed signing participants were tested.
All were native signers, having acquired BSL from their
Deaf parents. Nine were congenitally profoundly Deaf from
birth (five male, four female). Their mean age was 30.5 years
(range 18-48 years). All Deaf participants performed at or
above an age appropriate level on a test of nonverbal IQ
(Block Design, WAIS-R). Nine hearing native signers were
also tested (three male, six female). Their mean age was 31.3
years (range 20-51 years). All had good English language
skills as tested on the Group Reading Test (NFER-Nelson,
2000) and six of the nine were employed as a BSL interpreter
or communication worker. All signing participants were
tested on a match to sample BSL comprehension test, con-
sisting of both single lexical items and complex sentential
structures, including negation and spatialized-syntax [see
MacSweeney et al., 2004, for more detail]. There was no
significant difference between the Deaf and hearing signing
groups on this test (f = 1.12 (14), P > 0.1). Ten hearing
nonsigners were also tested (five male, five female). Their
mean age was 25.9 years (range 18—40 years).

All participants were right-handed, had normal or cor-
rected vision, and were without known neurological or be-
havioral abnormality. All participants gave written in-
formed consent to participate in the study, which was
approved by the relevant Research Ethics Committee and
was in compliance with the Declaration of Helsinki.

Stimuli

Participants were shown a silent video of a Deaf native
signer, who produced the BSL sentences, signed lists, and
also appeared at rest in the baseline condition. Short declar-
ative BSL sentences were used. Five unrelated sentences
were viewed in each 21-s block, one of which was semanti-
cally anomalous. All single sign stimuli were highly familiar
concrete nouns. The signer performed 10 single signs in each
21-s block, one of which was a non-BSL sign. Each nonsign
was phonologically legal in terms of its handshape, location,
orientation, and movement. However, they were not lexi-
cally meaningful, nor were they closely related in structure
to any real lexical item in BSL. English mouth movements
were omitted from both sentences and lists of signs to avoid
lipreading by nonsigners. Other mouth and facial articula-
tions required for BSL were included [see Sutton-Spence and
Woll, 1999]. English glosses of the sentences and single-sign
stimuli are shown in the Appendix. The videotaped stimuli
were projected onto a screen located at the base of the
scanner table via a Proxima 8300 LCD projector. The stimuli
were then projected to a mirror angled above the subject’s
head in the scanner.

Experimental Design

The experiment used a block design consisting of 21-s
epochs. Participants performed five blocks of each of the two

* 65



¢ MacSweeney et al. ¢

experimental conditions (single sign and sentence percep-
tion) and 10 blocks of a baseline task. Experimental blocks
alternated with the baseline task (e.g., baseline/BSL sen-
tences/baseline/single BSL signs, etc.). The presentation of
initial experimental condition was counterbalanced across
participants such that half the participants performed the
single sign task first and half the sentences task. Data acqui-
sition lasted 7 min total.

Signed list task.

Participants watched 10 single BSL signs in each block.
Between each sign the signer returned her hands to a resting
position on her lap. This form of presentation is similar to a
silent pause when reading aloud a list of words. Within each
block, a nonsign was included. The participant’s task was to
make a button press response to the non-BSL sign using a
button box in the right hand.

BSL sentence task.

Participants watched blocks of five BSL sentences. Be-
tween each sentence the signer returned her hands to a
resting position on her lap. Participants were told that one of
the five sentences did not make sense (e.g., “The book
climbed the tree”) and their task was to identify the seman-
tically anomalous sentence.

Baseline task.

In the baseline condition the signer was seen at rest. The
participant was required to monitor the display for the
occurrence of a visual cue superimposed on the chin of the
model. A small square appeared five times throughout the
block, for about 1,000 ms. On four exposures the square
was black and on one appearance it was gray. Participants
pressed a button in response to the appearance of the gray
square. This control condition therefore served to main-
tain vigilance to the visual display, and controlled for the
attentional and motor-response parameters of the linguis-
tic tasks, as well as for the perception of a face and body
at rest.

In order to maintain attention across the whole block, the
anomalous sentence, nonsense sign, or target square ap-
peared near the end of each 21-s epoch. The relatively sparse
occurrence of the meaningless targets in both language con-
ditions ensured that activation reflected normal linguistic
analysis rather than anomaly detection. Hearing nonsigners
were told that, although they did not know any BSL, they
were to try to guess which was the non-BSL sign and which
sentence did not make sense.

Imaging Parameters

Gradient echo echoplanar MRI data were acquired with a
General Electric (Milwaukee, WI) 1.5 T Neuro-optimized
MR system using a standard quadrature head coil. Head
movement was minimized by positioning the participant’s
head between cushioned supports. In all, 140 T,*-weighted

images depicting BOLD contrast were acquired at each of 14
near-axial 7-mm thick planes parallel to the intercommis-
sural (AC-PC) line (0.7 mm interslice gap; TR = 3 s, TE = 40
ms). An inversion recovery EPI dataset was also acquired to
facilitate registration of individual fMRI datasets to Ta-
lairach space [Talairach and Tournoux., 1988]. This com-
prised 43 near-axial 3-mm slices (0.3 mm gap) which were
acquired parallel to the AC-PC line (TE = 80 ms, TT = 180
ms, TR = 16 s).

Data Analysis

Following motion correction, fMRI data were smoothed
using a Gaussian filter (FWHM 7.2 mm) and the least-
squares fit computed between the observed time series at
each voxel and the convolutions of two one-parameter
gamma variate functions (peak responses 4 and 8 s) with the
experimental design [Friston et al., 1998]. In order to con-
strain the range of fits to those known to reflect the physi-
ological features of BOLD responses, the constraints de-
scribed by Friman et al. [2003] were applied during the
fitting process. The relative weighting of the fits to these two
convolutions permits the peak time of BOLD response to
adapt to local variations within the time range 4-8 s. Fol-
lowing fitting, a statistic describing the standardized power
of response was derived by calculating the ratio between the
sum of squares due to the model fit and the residual sum of
squares (SSQ ratio). Significant values of this statistic were
identified by comparison with its null distribution com-
puted by repeating the fitting procedure 20 times at each
voxel after wavelet-based permutation of the time series
[Bullmore et al., 2001]. This procedure preserves the noise
structure of the time-series during the permutation process
and gives good control of Type I error rates. The voxel-wise
SSQ ratios were calculated for each subject from the ob-
served data and, following time-series permutation, were
transformed into standard space of Talairach and Tournoux
[1988] as described previously [Brammer et al., 1997; Bull-
more et al., 1996].

Group Analysis

Further analysis was carried out to identify 3-D clusters of
voxels showing significant responses to the paradigm (see
Table I). This was achieved by first thresholding the median
voxel-level SSQ ratio maps at a voxel-wise false-positive
probability of 0.01. These “activated” voxels were then as-
sembled into 3-D connected clusters and the sum of the SSQ
ratios (statistical cluster mass) determined for each cluster.
The same procedure was repeated for the median SSQ ratio
maps obtained from the wavelet-permuted data to compute
the null distribution of statistical cluster masses under the
null hypothesis. This distribution was then used to deter-
mine the critical threshold for the cluster mass statistic un-
der the null hypothesis. For all groups the cluster-wise P-
value was set at 0.005, since this resulted in the expectation
of less than one false-positive cluster across the whole brain.
This was applied to the observed cluster mass data to de-
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TABLE I. Regions activated during perception of British Sign Language sentences and signed lists in contrast to a
static baseline task in each group

Sentences vs. baseline

Signed lists vs. baseline

Side Size X, ¥,z BA Size X, Y,z BA
Deaf native signers
Posterior inferior temporal gyrus R 357 7, =59, =7 37 513 43, —63, —2 37
L 490 —51, =63, =2 37
Superior temporal gyrus/SMG L 498 —51, —44, 26 22/40
Inferior frontal gyrus R 476 51, 15, 26 44 492 43,19, 20 45
L 408 —43, 11, 37 9 329 —43,11, 31 44
Middle frontal gyrus L 17 —36, 48, =7 47/10
Medial frontal gyrus R 16 11, 59, 20 10
Anterior cingulate R 42 7,22,37 32 9 14, 15, 37 32
Calcarine sulcus R 14 18, —85, 9 17
Putamen R 39 11,0,9 11 11, 0,9
L 12 -11,0,9
Cerebellum L 8 —40, —67, =29
L 13 -11, -85, —18
Hearing native signers
Posterior inferior temporal gyrus/ R 359 51, —56, 4 21/37 210 51, =59, -2 37
Middle temporal gyrus L 574 —=51, =63, 9 37 506 —47, —63,9 21
Precentral gyrus/ R 313 51,19, 31 9 377 47,4, 37 6
Middle frontal gyrus L 540 -36,7, 31 6 363 —36, 4, 31 6
Anterior cingulate R 47 7,22,37 32 65 7,22,31 32
Supramarginal gyrus R 17 6, —52, 31 40
R 28 33, —37, 31 40
Middle occipital gyrus R 21 22, =74, 26 19 87 25, =78, 20 19
Calcarine sulcus R 7 7, —89,9 18
Putamen L 13 —-18,7,4
Hearing nonsigners
Posterior inferior temporal gyrus R 503 51, =59, =2 37 508 51, =56, —2 37
L 303 —47, =70, 4 37 323 —47, =70, 4 37
Inferior/middle frontal gyrus R 440 47,7,37 44 636 43, 15, 26 44
L 220 —43,7,31 44 156 —43,0, 48 6
Supramarginal gyrus L 11 —36, —56, 42 40
L 10 —51, —37, 48 40
Superior parietal lobule L 21 —25, —44, 42 7 17 —25, —48, 48 7
Anterior superior temporal gyrus L 14 —40, 22, —24 38
Anterior cingulate R 305 7,19, 42 32
Calcarine sulcus/cuneus L 13 -7, 93,4 17 14 —14, —93, -2 17
Hippocampal gyrus L 12 —11, =89, 9 17 9 —14, -89, 15 18
R 17 7, 37,4 18

Voxel-wise P-value = 0.01; cluster-wise P-value = 0.005. Foci represent the most strongly activated voxel in each 3-D cluster.

SMG, supramarginal gyrus.

termine significantly activated clusters [for details, see Bull-
more et al., 1999].

ANOVA

Differences in responses (R) were inferred at each voxel
using the model:

R=a0+alH+e

where H codes a particular condition or group and e is the
residual error. Maps of the standardized coefficient (size of
condition or group difference) (al), were tested for signifi-
cance against the null distribution of al (no effect of group
membership or condition) generated by repeatedly refitting
the above model at each voxel following randomization of

group or condition membership (H). In some of our analyses
the model was constrained in order to examine only positive
BOLD responses, where the stimulus is followed by an
increase in signal intensity peaking between 4 and 8 s. In this
case significant deactivations were excluded from the anal-
yses. In addition, the parameters (a0 and al) in the observed
data, and their distributions under the null hypothesis of no
effect of group membership, were obtained by iteratively
minimizing the sum of absolute deviations (rather than min-
imizing the sum of squares of deviations) between the data
and the model with and without randomization, respec-
tively. This fitting procedure was adopted to ensure that all
observations were given equal weight rather than exagger-
ating the effects of outliers—a necessary step in analyzing
the group sizes typically used in fMRI when normality
assumptions are not tested at every voxel.
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RESULTS
Behavioral Data

Due to technical problems during one day of data acqui-
sition, behavioral data from one subject in each of the three
groups could not be acquired.

Chance level performance was ~10% on the single signs task
and 20% on the sentence task. Mean performance by hearing
nonsigners was within chance range on the single signs task:
5%, but above chance for the sentences task: 42%. Since the
anomalous sentence always appeared near the end of the
block, it is likely that nonsigners waited until near the end of
block to make their button press response. This strategy would
artificially inflate their behavioral performance on the sentence
task, but not the single sign task, in which there were more
items to choose from at the end of the block.

Mean performance by Deaf signers on each BSL task was
high: single signs: 85%, sentences: 68%. Mean performance
by hearing signers was high on the single sign task: 67%, but
unexpectedly poor, though still above chance, on the sen-
tences task: 38%. The poor performance of the hearing sign-
ers will be addressed in detail in the Discussion. However,
due to this we do not report a combined ANOVA including
Deaf and hearing signers.” Rather, we report the data from
these groups separately.

fMRI Data

Comparison of the signed list and sentence conditions
with the baseline task revealed widespread cortical activa-
tion for each condition and within each group. Figure 1,
Table I, and the descriptions below give a summary of these
patterns before the more detailed contrasts are reported.

BSL sentences vs. baseline

The regions activated while watching BSL sentences in con-
trast to a still baseline task (Fig. 1A) were very similar to the
patterns we have reported previously [MacSweeney et al.,
2002b, 2004]. Extensive activation was observed in a bilateral
frontotemporal network in all groups, including hearing non-
signers (see Fig. 1A, Table I). Activation within the inferior
frontal gyri extended superiorly into the precentral gyri bilat-
erally. In both hearing groups the foci of the extensive bilateral
temporal lobe activations were in the posterior inferior tempo-
ral gyri. These clusters of activation extended superiorly
through the temporal lobe and activation was also observed in
the inferior parietal lobule. In the Deaf group the focus of
activation in the right hemisphere was also in the posterior
inferior temporal gyrus. However, in the left hemisphere the
focus of the posterior temporal activation was at the junction of
the posterior superior temporal gyrus and the supramarginal

2 Given the fact that our behavioral measure reflects one response
per block, rather than on a trial-by-trial basis, it was considered
inappropriate to conduct this ANOVA while including performance
as a covariate.

gyrus in the inferior parietal lobule. Both hearing nonsigners
and Deaf native signers showed significant activation in the
anterior temporal lobes. In hearing nonsigners a very small
cluster was activated, situated in the anterior portion of the left
superior temporal gyrus (see Table I). In Deaf signers, activa-
tion within the left temporal lobe extended into the anterior
portion of the left middle temporal gyrus (x = -61, y = =10, z
= -18; see Fig. 1).

BSL single signs vs. baseline

The activation patterns observed during single sign per-
ception were similar to those for sentences (see Table I). All
groups recruited an extensive bilateral frontotemporal net-
work. This included the inferior and middle frontal gyri
extending into the precentral gyrus. The posterior inferior
temporal gyrus was again the focus of the temporal lobe
activation. In the left hemisphere this posterior activation
incorporated the inferior parietal lobule in all groups. Ante-
rior temporal activation was evident only in the Deaf group.
This was situated in the left middle temporal gyrus, but was
more posterior and superior to that observed during sen-
tence perception (x = -63, y = -23, z = -5).

BSL Sentences Greater Than Single Signs

Deaf native signers

Deaf signers showed greater activation for signed sentences
than signed lists in the left posterior superior temporal cortex
(see Table II and Fig. 2). This activation extended from the
fusiform gyrus, into the posterior inferior, middle and superior
temporal gyri, and into the inferior parietal lobule. In addition,
a small cluster of activation was identified in the right posterior
middle temporal gyrus. Extensive significant activation was
also observed in the left inferior frontal cortex, extending into
the middle frontal gyrus. There were also very limited clusters
of activation in the right inferior frontal gyrus and in the left
cerebellum. There were no significant differences in activation
within the anterior temporal lobes.

Hearing native signers

As in Deaf signers, hearing native signers also showed
enhanced recruitment of a predominantly left-lateralized
frontotemporal network for BSL sentences when contrasted
with signed lists. The location and extent of the left posterior
superior temporal and left inferior frontal activation was
very similar to that described for the Deaf group (see Table
II). In contrast to the Deaf signers, however, hearing signers
appeared to show much more extensive activation in the
right posterior middle and superior temporal gyri. No dif-
ferential activation as a function of linguistic input was
observed in the anterior temporal lobes.

Hearing nonsigners

Hearing participants with no sign language knowledge
also showed greater activation for sentences than single
signs in posterior (occipitotemporal) and frontal regions (see
Table II); however, these were somewhat different in loca-
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Deaf signers

Hearing signers

earing non-signers

Fig.1B: Single signs > baseline

Figure 1.
Significant activation in response to signed lists and BSL sentences in contrast to a static baseline
task for each group (voxel-wise P = 0.01; cluster-wise P = 0.005). Activated voxels up to 4 mm

beneath the surface of the cortex are displayed.

tion than those observed in the signing groups. Greater
activation was observed for sentences than signs in the left
middle occipital gyrus, extending in the occipitotemporal
junction, and in the right posterior middle temporal gyrus.
Differences within the frontal lobes were predominantly
situated in the right hemisphere in inferior frontal gyrus and
also in the more anterior middle frontal gyrus.

Exploring the Role of the Anterior Temporal
Lobe: Deaf Native Signers Only

To explore the potential involvement of the ante-
rior temporal cortex in BSL sentence processing in
more detail, a region of interest approach was used.
This was employed in Deaf native signers only since
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TABLE Il. Regions showing significantly greater activation during perception of BSL sentences than signed lists in each group

L/R Size X, Y, 2 BA
Deaf native signers
Temporal and parietal cortex
Fusiform gyrus L 7 —40, =59, —13 37
Inferior temporal gyrus L 9 —36, =70, =2 19
Middle temporal gyrus L 15 —51, =52, =2 37
L 18 —47, —48, 4 21
L 35 —47, -52,9 21
Superior temporal gyrus L 41 —36, =52, 15 22
L 17 —47, —48, 20 22
Supramarginal gyrus L 23 —43, —48, 26 39
L 17 —43, —48, 31 40
Middle temporal gyrus R 10 51, =33, -2 21
Frontal cortex
Insula L 8 —47,7,4
Inferior frontal gyrus L 10 —51,11,9 44
L 8 —36, 30, 15 45
L 13 —36, 15, 20 45
L 11 —36, 11, 26 44
L 12 -29,7,31 44
Middle frontal gyrus/ L 14 -29,0, 37 9/6
Precentral gyrus L 10 —43,0, 42 9/6
Inferior frontal gyrus R 7 54,11, 20 44
Hearing native signers
Temporal and parietal cortex
Fusiform gyrus L 7 —43, —59, —13 19
L 8 -32, =81, =7 19
Inferior temporal gyrus L 9 —43, —48, =7 37
L 20 —51, =56, =2 37
L 47 —43, =70, 4 37
Middle temporal gyrus L 39 —36, =70, 9 37
L 37 —40, =70, 15 39
Superior temporal gyrus L 11 —47, =52, 20 22
Middle temporal gyrus R 11 54, —33, =7 21
R 20 58, —44, -2 21
R 38 47, —63, 4 37
Superior temporal gyrus R 9 58, =37, 9 22
Supramarginal gyrus R 7 43, —67,9 39
Frontal cortex
Precentral gyrus L 19 —47,7,9 6
Inferior frontal gyrus L 30 —43,7,15 44
L 28 —47, 4, 20 44
L 11 —40, 4, 31 44
Middle frontal gyrus L 31 —29, 4, 26 6
L 11 —40, 4, 37 9
Hearing non-signers
Occipital cortex
Middle occipital gyrus L 30 —-32, —81,4 19
L 42 —43, 74,9 19
Occipito-temporal junction L 28 —43, —67,15 39
Temporal and parietal cortex
Middle temporal gyrus R 8 54, —37, —13 21
R 20 58, —41, -7 21
R 24 58, —44, —2 21
R 12 51, —37,4 21/22
Hippocampal gyrus R 7 11, —41, 4 18
Superior parietal lobule R 9 36, —48, 42 7
L 9 —22, —56, 42 7
Frontal cortex
Inferior frontal gyrus R 10 47,7, 26 44
R 9 40, 4, 31 44
Middle frontal gyrus R 8 32,44, 26 46
R 11 32,41, 31 9
Precentral gyrus R 11 51, 4, 37 6
L 8 —36, —4, 48 4

Voxel-wise P = 0.01; cluster-wise P = 0.005).
Three-dimensional clusters have been deconstructed into 2-D in order to increase the anatomical specificity. Therefore, foci represent the
most strongly activated voxel within each cluster on each slice. Only clusters of more than six voxels are reported.
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Figure 2.
Greater activation for BSL sentences than signed lists in Deaf native signers (voxel-wise P = 0.01;
cluster-wise P = 0.005). Activated voxels up to |5 mm beneath the surface of the cortex are

displayed.

they were the only group who showed activation in this
region when either task was contrasted with the baseline
task.

Mean SSQ ratios were extracted for each Deaf partici-
pant from both the sentence and signed lists statistical
maps (each in contrast to baseline) in a region of the
anterior middle temporal gyrus in both hemispheres.
These regions were derived by deconstructing the signif-
icantly activated 3D clusters, identified in the contrast of
BSL sentences with the baseline task, into 2D foci of
activation (see Table I). The coordinates of these regions
were: left: x = -61, y = =15, z = -2 (number of voxels = 7);
right: x = 54, y = -15, z = -13 (number of voxels = 6).
Data from the single sign and sentence conditions
were compared using a repeated measures f-test. No sig-
nificant differences were observed in either the left (¢
=-0.55, (9) P > 0.1) or the right hemisphere (t = -0.66, (9)
P > 0.1).

Only those regions in which data was acquired from all
subjects enter the analyses. Since the anterior temporal lobes
are often susceptible to signal dropout, we examined the
extent of data acquisition in this region in the Deaf group. In
slices at, and inferior to, z = —18 mm [Talairach and Tour-
noux, 1988, coordinates] there was some evidence of drop-
out in lateral temporal regions (~y = 0 to —15 mm), but there
was no dropout of signal anterior to this. Data acquisition in
slices superior to this was complete for all subjects. In pre-
vious studies of spoken sentence processing, it is at ~z
= —13 mm that sentence specific activations are reported
[see, for example, Scott et al., 2000, when MNI coordinates
are converted into Talairach coordinates]. Therefore, signal
dropout does not appear to be a major contributor to the
apparent lack of differential activation in this region in the
current study.

Figure 3.
Main effect of BSL knowledge: hearing signers vs. hearing
nonsigners. Greater activation in hearing native signers than
hearing nonsigners across signed sentence and signed list con-
ditions (voxel-wise P = 0.05; cluster-wise P = 0.01). Activated
voxels up to |5 mm beneath the surface of the cortex are
displayed.
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Effect of BSL Knowledge:
2 (Hearing Signers/Hearing Nonsigners) X
2 (Sentences/Signs) ANOVA

To further explore the regions engaged in linguistic pro-
cessing as opposed to visual gesture processing, we con-
trasted activation in hearing native signers with that ob-
served in hearing nonsigners in a mixed-model ANOVA,?
where the factors were BSL status (between participants)
and linguistic domain (sentences/signs — within partici-
pants).

All reported effects are significant at a voxel-wise P < 0.05
and a cluster-level P < 0.01. This ensured that the cluster-
wise Type I error rate was less than one false-positive cluster
over the whole brain. Significant main effects of both group
and condition were identified, but no interaction effect.

Main effect of BSL knowledge (group)

Hearing signers showed greater activation than nonsign-
ers in the left inferior frontal gyrus and in the posterior
portions of the left middle temporal gyrus (see Fig. 3). The
focus of the frontal activation was situated at the junction of
the inferior and middle frontal gyri (x = 36,y = 4, z = 31;
number of voxels = 223), with activation extending medially
into the anterior part of the insula. In the temporal lobe,
activation extended from the left inferior temporal gyrus
through the middle temporal gyrus and into the superior
temporal gyrus (x = —47, y = —63, z = 9; number of voxels
= 113). No differences were detected in anterior portions of
the temporal lobe. Only one region showed significantly
greater activation in hearing nonsigners than signers. This
was situated in the posterior portion of the right inferior and
middle temporal gyri (x = 54, y = =52, z = —2; number of
voxels = 92).

Main effect of condition (sentences vs. signs) across
hearing signers and nonsigners

Greater activation was identified for signed lists than sen-
tences in the right posterior middle temporal gyrus (x = 36,
y = =70, z = 15; number of voxels = 277). This cluster also
extended medially to incorporate a large portion of the
posterior cingulate. The left posterior middle temporal gy-
rus (x = —43, y = =59, z = 15; number of voxels = 143) was
activated to a greater extent by signed sentences than signed
lists. Although the interaction did not reach significance, the
proximity of this main effect of condition (sentences > signs)
to the region showing greater activation in hearing signers
than nonsigners (see main effect of group), lends some sup-
port to the interpretation that the involvement of the left
middle temporal gyrus in sentence processing was driven
by the hearing signers.

® Contrasting deaf signers and hearing nonsigners would be inap-
propriate to address this question since these differ in both BSL
knowledge and hearing status.

DISCUSSION

Here we report the neural systems engaged during the
perception of signed sentences and signed lists in native
users of British Sign Language (BSL) and in BSL-naive indi-
viduals. In contrast to a baseline task, both types of BSL
input engaged the middle and superior temporal gyri, fo-
cused around the occipitotemporal junction, bilaterally and
also extensive portions of the prefrontal cortex bilaterally.
This basic pattern was observed regardless of BSL knowl-
edge and hearing status.

The primary aim of this study was to determine the neural
system involved in processing signed sentences when con-
trasted with lists of single unrelated signs. Consistent with
studies of spoken language, and with our predictions, sign-
ers engaged the left posterior middle and superior temporal
gyri and the left inferior frontal gyrus to a greater extent
when processing BSL sentences than lists of BSL signs. This
pattern was not observed in hearing nonsigners. Moreover,
these were the regions that showed greater activation in
hearing signers than nonsigners during BSL perception.
There was no evidence, however, for a specific role for the
anterior temporal lobe in signed sentence processing.

It could be argued that this network is not specific to
sentence processing, but rather reflects differences in the
degree of lexical processing between conditions: lists con-
sisted of 10 signs, whereas sentence blocks consisted of
around 15 content signs. Future studies manipulating the
rate of presentation of single signs are necessary to address
this issue. However, given the striking similarity between
the present data and those reported in analogous studies of
spoken sentence processing, it seems unlikely that a differ-
ence in the demands on lexical processing could completely
account for the differential activation we observed. The role
of each of these areas outlined above in processing signed
sentences will be discussed in turn.

Posterior Temporal Cortex

The involvement of the left posterior middle and superior
temporal gyri in signed sentence processing was one of the
robust findings of the present study. Despite the differences
in signed sentence accuracy between Deaf and hearing sign-
ers, this region was activated to a greater extent for sen-
tences than signs in both signing groups. In hearing non-
signers, by contrast, greater activation for sentences than
signed lists was observed in more posterior portions of the
left hemisphere in the middle occipital gyrus. In further
support of the argument that the left posterior middle and
superior temporal gyri are involved in processing the lin-
guistic aspects of signed language, hearing signers showed
greater activation in this region during sign processing than
hearing nonsigners. The posterior parts of the left middle
and superior temporal gyri have consistently been impli-
cated in auditory sentence comprehension [Friederici et al.,
2000; Humphries et al., 2001; Vandenberghe et al., 2002]. The
fact that this posterior perisylvian region is also differen-
tially activated by signed input depending on linguistic level
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of the stimuli and the sign language knowledge of the per-
ceiver suggests that this area is involved in higher-level
language processing, independent of language modality [see
also MacSweeney et al., 2004; Neville et al., 1998; Petitto et
al., 2000], despite its proximity to auditory processing areas
within the superior temporal cortex [Penhune et al., 1996].

There was some indication that the right posterior mid-
dle temporal gyrus may be more involved in processing
signed sentences than signed lists. Deaf signers showed a
very small focus of greater activation for sentences than
signed lists in this region (10 voxels only), while in hear-
ing signers differential activation was more extensive (see
Table II). However, there is little reason to interpret this
activation as being related to linguistic processing. First,
hearing nonsigners also showed much greater activation
of this area for sentences than signed lists. Second, in
direct contrast of hearing signers and nonsigners it was
the hearing nonsigners who showed significantly greater
activation in the right posterior middle temporal gyrus.
Nevertheless, it is interesting to consider the possible
reasons for the enhanced engagement of this region by
hearing nonsigners. Despite having no prior exposure to
signed languages, hearing nonsigners may show some
sensitivity to the different levels of structural complexity
of a signed language, including its rhythmic and spatial
aspects. Moreover, they may explicitly attend to these
features more than signers when asked to make a judg-
ment on such sentences. Further consideration of the neu-
ral systems recruited when sign-naive individuals per-
ceive a signed language may prove to be interesting in its
own right. When a hearing person listens to a foreign
language there are usually some speech sounds, and per-
haps also phonological, prosodic, and sentential features
that are present in the perceiver’s native language: speech
is speech, however “foreign.” However, when a hearing
nonsigner watches a signed language, this is not the case.
This may be the only situation in which we can explore
the response of the brain to structural language differ-
ences, where there has been no experience with the rele-
vant language elements.

Inferior Frontal Cortex

All groups engaged the inferior frontal and precentral gyri
bilaterally during perception of signed lists and sentences in
contrast to the baseline task. The large extent of this activa-
tion in signers and the observation of significant activation
in this region in hearing nonsigners is not unexpected [see
MacSweeney et al., 2004]. Activation of motor and premotor
cortex may reflect activation of the proposed “mirror neuron
system” in this region [see Rizzolatti and Craighero, 2004,
for review] during perception of the manual and facial ges-
tures, whether or not they constitute sign language (see
Emmorey [2005], for discussion of the role of prefrontal
cortex in sign language processing). Importantly, however,
this study also confirmed the key role the left inferior frontal
gyrus plays in sign language processing and especially
signed sentence processing. Both Deaf and hearing signing

groups, but not hearing nonsigners, showed greater activa-
tion in the left inferior frontal gyrus during sentence than
signed list processing. The focus of this enhanced activation
was in the superior portion of the pars opercularis and the
adjacent insula in both groups. Furthermore, the main effect
of group indicated that hearing signers engaged this region
to a greater extent than hearing nonsigners during BSL
perception. Whether the involvement of this region can be
partitioned into syntactic and other task-related processes,
as has been argued for spoken sentence processing [Fried-
erici, 2004; Longoni et al., 2005], remains to be seen in future
studies in which task demands and sentence complexity are
manipulated.

Anterior Temporal Cortex

The left anterior temporal cortex has been implicated in
numerous studies of sentence processing by hearing people.
In the current study, fMRI data were successfully acquired
within the anterior temporal cortex. Moreover, significant
activation was detected in this region in hearing nonsigners
during sentence perception and in Deaf signers during the
perception of both BSL sentences and signed lists. However,
anterior temporal activation did not differ between the sen-
tence and signed list conditions in the Deaf group, nor
between signers and nonsigners during BSL processing.
These data, along with those from our previous study com-
paring BSL sentences with nonsense sentences [Mac-
Sweeney et al., 2004], do not provide support for a role for
this region in processing signed sentences. A number of
previous studies of spoken sentence processing have also
called into question the importance of this region in process-
ing sentences. Using PET, which is not susceptible to signal
dropout in this area, Wong et al. [1999] failed to identify
anterior temporal activation in hearing subjects listening to
spoken sentences. Furthermore, Hagoort et al. [1999] re-
ported no deficits in spoken or written sentence comprehen-
sion in epileptic patients in whom a portion of the left
anterior temporal lobe had been removed. It is possible that
sentence-related activation in this region reported in previ-
ous neuroimaging studies [Scott et al., 2000; Narain et al.,
2003; Humphries et al., 2001; Mazoyer et al., 1993; Friederici
et al.,, 2000] is dependent on yet to be determined task
and/or stimulus specific factors.

One such stimulus specific factor may be specific to signed
languages. Single signs may not always be directly equiva-
lent to their spoken word translations. Although all the
stimuli in the lexical condition can be glossed as concrete
nouns, many were morphemically complex and may be
interpreted as a phrase or short sentence. For example, the
sign BOOK* may be interpreted as “two flat surfaces sepa-
rate”; KNIFE may be interpreted as “to cut with a long thin
implement.” In addition, one may argue that signed sen-
tences are more temporally “compact” than spoken sen-

*In line with convention, glosses of signs are written in capital
letters.
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tences. Although having a complex grammatical structure
including inflections and some special moderators in the
form of classifiers [see Emmorey, 2002], there are few signed
equivalents of many of the independent function (closed
class) words that contribute to syntax in many spoken lan-
guages (e.g., the, a, to). For example, a BSL translation of “A
woman won the competition” is “WOMAN COMPETITION
WON.” As a result, subtle differences between the neural
systems involved in sentential and lexical processing may be
harder to detect in signed than some spoken languages.
Comparisons of signed languages with strongly inflected,
morphologically dense spoken languages might prove to be
a useful route for future research in this area.

Performance Differences Between Deaf and
Hearing Native Signers

We had not anticipated the poor performance of hearing
native signers on the signed sentence task. Given the impact
of this on the interpretation of their data, this must be given
careful consideration. All of the hearing-signing participants
had two Deaf parents from whom they had learned BSL as
a native language. The majority of these participants (six of
the nine) also used BSL in their professions as interpreters or
communication workers. On a test of BSL comprehension
conducted prior to the scan session, this group performed
well and were equivalent to the Deaf native signers. It was
on these grounds that we contrasted hearing signers and
nonsigners and felt confident in interpreting the differences
as being language-related, since it is extremely unlikely that
the hearing native signers did not process the BSL sentences
fluently. What, then, could account for their relatively poor
performance on the sentence task in the scanner?

One possibility is that hearing signers may be more reliant
than Deaf signers on those mouthings derived from spoken
language that are found in signed languages (see Sutton-
Spence and Woll [1999] for discussion of BSL, and Nadolske
and Rosenstock [2004] for discussion of ASL). English
mouthings were omitted from our stimuli to reduce the
likelihood that hearing nonsigners would attempt to lipread
the signer. The BSL sentences were easy to understand, as
demonstrated by the Deaf signers; however, the lack of
mouthed information may have led to the poor performance
of hearing signers. Although plausible, this argument has
little empirical support. Studies that have examined the
location of eye-gaze during sign language perception have
shown that it is Deaf signers, not hearing signers, who tend
to fixate at or around the location of the mouth [Twyford et
al., in press]. Although eye-tracking studies suggest that this
interpretation is unlikely, we are currently conducting an
fMRI study in which the different roles of the mouth in BSL
are explored in Deaf and hearing native signers in order to
address this issue further.

A more likely possibility is that the poor performance of
hearing native signers is related to the specific characteristics of
the task. The task was not a measure of sentence comprehen-
sion or language processing per se; rather, participants were
required to detect the occurrence of a semantically anomalous

sentence, which appeared only once in each of the five blocks.
Six of the nine hearing signers were BSL interpreters or com-
munication workers. Therefore, on a daily basis they system-
atically and frequently switched between and translated be-
tween English and BSL. The fact that these participants were
skilled at online, automatic translation may lead to tendencies
to “correct” or “repair” an incorrect or incomplete sentence.
Thus, they may have missed, or overlooked, anomalous sen-
tences presented in the scanner. Deaf native signers, in con-
trast, were likely to have come to the in-scanner task focusing
solely on BSL. Whether or not this reasoning is correct will be
explored in future studies in which we manipulate the task
used in the scanner.

Whatever the reason for the poor performance of the
hearing signers, these data raise a concern we have ad-
dressed previously [MacSweeney et al., 2004]: In order to
further our understanding of the neural systems that sup-
port sign language processing, it is vital that we take into
account who we study. Hearing native signers differ from
Deaf native signers not only in terms of hearing status but
also in their “bilingual” status, which is very likely to have
an impact on language processes and their underlying neu-
ral systems. In addition to these considerations, it appears to
be vital to obtain an assessment of sign language proficiency
from all participants, especially hearing signers, in future
studies considering the neural systems involved in sign
language processing.

In summary, we have shown that when compared to iso-
lated lexical items, the comprehension of signed sentences
engages a neural system very similar to that associated with
spoken sentence processing. The main components of this sys-
tem are the left inferior frontal gyrus and the left posterior
middle and superior temporal gyri. Although the anterior tem-
poral cortex has been specifically implicated in the processing
of spoken sentences, this region was involved in processing
both signed lists and sentences in the current study, with no
evidence of differential activation. Thus, the role of this area in
signed sentence processing is unclear. The challenge for the
next phase of neuroimaging studies of sign language process-
ing is to design tasks that can differentiate the different com-
ponents of sentence processing, including syntactic processing,
semantic elaboration, and prosody, and determine the effect of
different tasks demands on these processes. The current study
provides a starting point for the generation of hypotheses for
these studies.
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APPENDIX
English Translations of BSL Sentence Stimuli

The boy kicked the ball.
It's my birthday next Sunday.
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Try to start the engine.
The man ate the house.*
The woman’s hair is blonde.

The glass was full of wine.

The world cup 1998 is in France.
The house had four bedrooms.

I walked for five miles.

The book I read was an apple.*

I have a test next week.

Yesterday I bought a computer.

The book was too heavy to post.

The football is the woman’s brother.*
It may snow this winter.

Paris is the capital of France.

The old woman cut the cake.

The orange lamp was broken.

I have two sisters and one brother.
The book climbed the tree.*

The woman gave out the ice cream.

The policeman caught the thief.

The battery in my alarm clock has run out.
The man ate the biscuit through his ear.*

I marked a pile of test papers.

*Denotes anomalous sentence.
English Translations of BSL Single Sign Stimuli

KITE, MOUSE, CAR, BOAT, DOOR, CUP, SHEEP, non-
sense sign, MOON, COMB

FISH, PEN, BRICK, MAN, SPOON, FOX, BAT, CAKE,
non-sense sign, DRESS

COW, BELT, FORK, ROAD, TRAIN, HAT, TREE, SUN,
non-sense sign, SNAKE

DRUM, CAT, BELL, LIGHT, BIRD, SHOE, WATCH, non-
sense sign, KNIFE, PIG

BED, BOOK, FLAG, PRAM, CHAIR, PLATE, COAT, KEY,
non-sense sign, BAG.
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