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ABSTRACT

Motion capture studies show that American Sign Language (ASL) signers distinguish end-points in telic verb
signs by means of marked hand articulator motion, which rapidly decelerates to a stop at the end of these
signs, as compared to atelic signs (Malaia and Wilbur, in press). Non-signers also show sensitivity to velocity
in deceleration cues for event segmentation in visual scenes (Zacks et al., 2010; Zacks et al., 2006), introduc-
ing the question of whether the neural regions used by ASL signers for sign language verb processing might
be similar to those used by non-signers for event segmentation.

The present study investigated the neural substrate of predicate perception and linguistic processing in ASL.
Observed patterns of activation demonstrate that Deaf signers process telic verb signs as having higher pho-
nological complexity as compared to atelic verb signs. These results, together with previous neuroimaging
data on spoken and sign languages (Shetreet et al., 2010; Emmorey et al., 2009), illustrate a route for how
a prominent perceptual-kinematic feature used for non-linguistic event segmentation might come to be pro-
cessed as an abstract linguistic feature due to sign language exposure.

Motion

Published by Elsevier Inc.

Introduction

Humans use kinematic features of motion in dynamic scenes,
such as velocity and deceleration of actor limb movements, to parse
natural scenes into discrete events (Speer et al, 2003; Swallow
et al,, 2009; Zacks et al,, 2006, 2009). Neuroimaging studies show
that perceived event boundaries — whether derived from visual seg-
mentation of a natural scene, or conceptual, as inferred from spoken
language — trigger an update in episodic memory, thus playing an im-
portant role in extracting information from visual and linguistic input
(Swallow et al., 2009; Yarkoni et al., 2008). Recent motion capture stud-
ies of predicates in American Sign Language (ASL) demonstrated that
signers produce verb signs denoting event boundaries using higher
peak velocity and significantly faster deceleration at the end of the
sign (Malaia and Wilbur, in press; Malaia et al., 2008). The present
study investigates the neural substrate of comprehension of visual
language — ASL verbs — denoting event boundaries.

Event boundaries as conceptualized in verb typology have long
been of interest to linguistic theory as possible semantic primitives
(Dowty, 1979; Jackendoff, 1991; Pustejovsky, 1991; Ramchand,
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2008a,b; van Hout, 2001; Van Valin, 2007; Vendler, 1967; Verkuyl,
1972). Predicates denoting events with an inherent end-point repre-
senting a change of state (break, appear) are considered semantically
telic, as opposed to predicates describing homogenous — atelic—
events, such as swim or sew. The semantic type of predicate — whether
it is telic or atelic — has been shown to affect the syntactic structure of
the sentence in such typologically distinct spoken languages as Russian,
Dutch, Icelandic, and Bengali (Ramchand, 1997, 2008a,b; Svenonius,
2002; van Hout, 2001). ERP studies in sentence processing show that
semantically telic verbs facilitate online syntactic processing during a
reading task (Malaia et al., 2009). Developmental research on language
acquisition shows that children with specific language impairment are
less sensitive to telicity cues, which might contribute to the difficulties
they experience in learning and using finite tense forms (Leonard and
Deevy, 2010).

At least since Poizner (1981, 1983), sign language researchers hy-
pothesized that kinematic properties of hand articulator movement
in sign languages carry phonological information. From the produc-
tion standpoint, sign languages are characterized by use of rhythmic
(syllabic) hand motion, consistently high speed with rapid accelera-
tion-deceleration patterns, and frequent changes in the direction of
motion (Brentari, 1998; Emmorey et al., 2009; MacSweeney et al.,
2008a,b). The adaptations of the signers' visual system due to the pro-
cessing requirements of sign language have been found to correlate
with informationally dense (i.e. linguistically distinctive) features of
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Fig. 1. Atelic and telic verb signs in ASL differ in whether the two timing slots in sign-syllables contain the same or different setting, orientation, aperture, and directionality of the

movement path.

sign language, enhancing signer's abilities in motion detection
(Bosworth and Dobkins, 1999; Neville and Lawson, 1987), peripheral
vision (Loke and Song, 1991; Parasnis and Samar, 1985; Reynolds,
1993), and motion similarity (Poizner, 1981, 1983). Perception of
rapid spectral changes in the signal, characteristic of linguistic input
(Poizner, 1981; Zatorre and Belin, 2001), is supported by the neurons
sensitive to specific ranges of spectral information change over time
(as characterized by their spectral-temporal receptive fields, or STRFs),
which adapt to the information-carrying properties of the environment
(Theunissen et al., 2001; Vinje and Gallant, 2000). The features extracted
from linguistic input (whether in the auditory or visual modality) can be
further processed as linguistic (phonological) information.

In Brentari's theoretical model of sign language phonology, ASL
verb signs denoting discrete events with boundaries (telic), and
events that do not have inherent boundary points (atelic) differ in
their phonological features, which unfold sequentially over time
(i.e., dynamic, or prosodic features), and in their syllable structure
(Brentari, 1998). Specifically, atelic verb signs have the same hand-
shape and orientation specifications for the initial and final positions
of the sign, and thus present a simple syllable structure; in contrast,
telic ASL signs have a more complex syllabic structure, as they always
employ one of the following dynamic changes between the beginning
and the end of the sign: (1) change of handshape aperture (open to
closed, or closed to open); (2) change of handshape orientation
(e.g., palm up to palm down); and (3) movement in a direction or-
thogonal to the plane of articulation, with an abrupt stop at a location
in space (Wilbur, 2008). Within Brentari's (1998) Prosodic Model of
sign language phonology, telic and atelic signs thus fall into distinct
phonological classes (Fig. 1).

The objective of the present study was to investigate the neural
substrate of processing telic and atelic ASL verb signs using fMRI.
Native Deaf' signers and a control group of hearing non-signers
were presented with videos of telic and atelic ASL signs. The sign-
ers were asked whether the action denoted by the sign was likely
to occur inside or outside the house; this task was given to ensure
that subjects were paying attention and linguistically processing

! Use of capital D in Deaf is an indicator of cultural affiliation, including use of sign
language as primary means of communication.

the stimuli. The non-signers, who had no prior exposure to American
Sign Language, were asked to assess whether the signer's hands were
moving symmetrically with regard to the central body axis so that we
could ensure that they were paying attention to the stimuli. We hypoth-
esized that processing of telic vs. atelic verb signs might elicit differential
activation in the areas associated with phonological and semantic pro-
cessing of sign language in the Deaf participants.

Prior sign language studies demonstrated engagement of the left
IFG, planum temporale, and superior temporal gyrus (STG) in phono-
logical processing of visual languages (MacSweeney et al, 2002,
2008a,b; Petitto et al., 2000); we expected to see focal activation in
these regions in the comparison between viewing ASL signs vs. gross
hand motion. With regard to Hearing participants, we expected to see
activations in motion-sensitive regions (temporo-occipito-parietal
junction) due to large velocity and acceleration differences between
ASL and gross gesture.

Identification of event boundaries in linguistic input and visual
scenes in hearing participants previously elicited activation in a net-
work of regions including motion-sensitive region MT+, fusiform
gyrus, posterior cingulate cortex/precuneus (BA 7, 23, 31); right superi-
or temporal cortex (BA 22), right anterior middle temporal cortex (BA
21), and middle frontal gyrus (BA 6/8) (Speer et al., 2003, 2007; Yarkoni
et al,, 2008). We hypothesized that for Deaf participants, processing of
conceptual event boundaries posited by telic verbs would elicit higher
activation of these areas during viewing of telic verb signs compared
to atelic ones. Based on prior literature, we also hypothesized that pho-
nological (spectro-temporal) differences between telic and atelic signs
would elicit activation in left STG in Deaf signers.

Materials and methods
Participants

Two subjects populations were studied: Deaf signers and Hearing
non-signers. Seventeen healthy deaf adults who were native ASL signers
(including 8 Deaf of Deaf parents; 10 male, 7 female; 18-58 years old,
mean age 35.6, SD =14.2) and thirteen hearing non-signers (7 male, 5
female, 19-36 years old, mean age 24.1, SD =4.5) participated for mon-
etary compensation after giving written informed consent in accord
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with the Institutional Review Board at Purdue University. Data collected
from three Deaf participants were discarded, two due to equipment
malfunction and one due to left-handedness (Oldfield, 1971); data
from one hearing participant was also discarded due to recording issues.
All of the included participants were right-handed; five Deaf and seven
hearing participants were right-eye dominant. None of the participants
had any history of head injury or other neurological problems, and all
had normal or corrected-to-normal vision.

Stimuli

ASL verb signs and non-communicative gestures, produced by a
native signer wearing motion capture sensors, were video recorded
and used as the stimuli for the study. The gesture consisted of non-
intentional (non-communicative) slow movements of the arms
being raised to a T-position (straight out) to the sides of the body,
and lowered from it. The following signs from everyday ASL discourse
were used in the study?:

Telic (21): STING, SHUT-DOWN-COMPUTER, HIT, PLUG-IN, APPEAR,
CATCH-UP, OPEN-DOOR, STOP, FINISH, CHECK, TAKE-FROM, CLOSE-
DOOR, DIE, SEIZE, DISAPPEAR, ARREST, UNZIP, BECOME, LOOK-AT,
SEND, ARRIVE.

Atelic (21): TRAVEL, RIDE-IN, SWIM, LIVE, PROCEED, SHAVE,
FOLLOW, VISIT, WRITE, KNOW, FALL-BEHIND, SMELL, TOLERATE,
HATE, DRAW, SEW-BY-MACHINE, RELAX, LIKE, HAVE, MEAN,
SUGGEST.

These ASL signs and non-communicative gestures (raising of both
hands to a T-pose and lowering them) were produced by a native
signer wearing a Gypsy 3.0 wired motion capture suit, with the data
(XYZ positions of all markers) collected at the rate of 50 fps. A simul-
taneous video recording at 30 fps rate was made with a NTSC video
camera on a tripod outside the motion capture recording field. The
positional data from the marker on the right wrist, tracking the move-
ment of the dominant signing hand, was used for the kinematic anal-
ysis (Malaia and Wilbur, in press).

On average, the maximum velocity of the dominant hand motion
was lower in ASL signs (M=1.17 m/s, SE=0.054) than in gesture
(M=1.78 m/s, SE=0.279) (the difference was significant at t (42) =
—2.338, p<0.024); this is due in part to the fact that the gestures
moved across a much larger spatial volume in the same duration as
the signs). Average maximum deceleration within the stimuli motion,
on the other hand, was significantly higher (t (42) = —2.585, p<0.013)
in ASL (M=1898m/s?>, SE=1021), as compared to gesture
(M=0.096 m/s?>, SE=0.08). On average, maximum acceleration was
also higher in ASL signs (M = 12.25 m/s?, SE =5.67), as compared to ges-
ture (M= 8.81 m/s?, SE=0.168), but this difference was not significant
(t (42)=0.85, p>.05).

Video clips of these ASL verb signs were used to create blocks of
stimuli consisting of 7 telic or 7 atelic ASL signs in a block paradigm,
with non-ASL gesture as a baseline condition. Video recordings of
ASL predicates were divided into 28-second blocks of telic or atelic
signs, each containing seven 2.5-second videos of a predicate sign fol-
lowed by 1.5 s of monochrome grey background for a total of 4 s per
verb sign. The gestures were similarly composed into blocks, and the
entire set was presented in a block paradigm: 16-second block of 4
baseline gestures, 28-second block of 7 telic ASL predicates, 28-
second block of 7 baseline gestures, 28-second block of 7 atelic pred-
icates, etc., for a total of 6 repetitions of the ASL stimuli blocks and 28-
second baseline gesture blocks (B-T-B-A-B-T-B-A-B-T-B-A-B). Each
paradigm lasted a total of 5 min 52 s, and was repeated four times
for each subject, the stimuli for the runs being the same; only two

2 The sign names are given in uppercase English words, following the standards of
linguistic transcription for sign languages.

runs were recorded for one of the subjects due to equipment
malfunction.

The stimuli were displayed to participants via Nordic NeuroLab Vi-
sual System goggles (field of view: 30° horizontal, 23° vertical). Deaf
signing participants responded to the stimuli by pressing buttons on
an MRI-compatible response box (Current Designs LLC HH-2 x4-C)
with their left hand, using their index finger to indicate that the action
denoted by the predicate was likely to happen inside a house, and
using their middle finger to indicate that it was more likely to happen
outside a house. Hearing non-signing participants were asked to indi-
cate “yes” (index finger) or “no” (middle finger) when viewing the
ASL sign videos, whether the signer's hands were moving symmetrical-
ly with regard to the central body axis, using the same response box.
Both Deaf and hearing participants completed a training session prior
to the neuroimaging session. The task data were collected during fMRI
sessions to ensure continuous attention to the stimuli for all partici-
pants, and semantic processing of the predicates in the case of Deaf
signers. One Deaf subject was excluded from final analysis for behavior-
al non-compliance, while the rest of the participants responded to each
ASL stimulus with a button-press. No analysis was made on the basis of
the sub-category of stimulus (inside/outside) as these tasks were pri-
marily used to ensure that all participants were awake and paying at-
tention to the stimuli and that the Deaf participants carried out
semantic processing of the stimuli.

Data acquisition and analysis

All imaging data were collected on a 3 T GE Signa HDx (Purdue
University MRI Facility, West Lafayette, Indiana), with 3D FSPGR
high-resolution anatomical images (FOV =24 cm, 186 sagittal slices,
1 mmx 1 mm in-plane resolution, slice thickness=1 mm) acquired
prior to functional scans. Functional scans were collected using a gradient
echo EPI sequence (TE=22ms, TR=2s, FA=70°, FOV=24 cm, 26
contiguous slices with 4 mm thickness, and 3.8 mmx 3.8 mm in-plane
resolution; 176 time points). Four runs of this sequence were used to
collect functional data for each subject, except one, for whom only two
runs were collected.

Preliminary fixed effects analysis of functional imaging data was
carried out using SPM5 software (http://www.fil.ion.ucl.ac.uk/spm).
First, the initial 6 acquired volumes were removed to account for
scanner stabilization, and each subject's data were motion corrected
to the 7th acquired volume; volumes associated with excessive
head movement (more than 1 mm displacement between successive
acquisitions) were eliminated. Data were then normalized to the
standard MNI space using the T,-weighted template provided by
the SPM5 software and resliced to 2x2x2 mm?>. Image registration
was manually tested after the normalization process to verify the va-
lidity of this process. Each subject's T;-weighted whole brain anatom-
ical image was coregistered to the T;-weighted template provided by
SPM5, and segmented to extract the gray matter maps. These maps
were then optimally thresholded using the Masking toolbox of
SPMS5 to produce binary masks to be used as explicit masks in subse-
quent analyses. The last pre-processing step consisted of smoothing
the functional data with an isotropic Gaussian filter (FWHM = 8 mm)
to compensate for anatomical variability between subjects, and to
match the statistical requirements of the general linear model.

Initial fMRI analyses

Individual subject analyses were first performed in all subjects in
order to identify the areas of the brain differentially activated by
Telic and Atelic predicate signs. For each subject, t-statistic maps
were computed using a general linear model in SPM5, incorporating
the six motion parameters as additional regressors. Specifically,
fMRI activation across Atelic and Telic verbs were contrasted, yielding
mabps illustrating greater responses to the atelic stimuli (Atelic> Telic)
or to the telic stimuli (Telic> Atelic); additionally, brain activation for
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Table 1

Cortical areas activated by viewing of ASL predicates vs. gesture in Deaf signers and hearing non-signers. Clusters achieving p<0.001, uncorrected, are reported.

Anatomical region Cluster size ~ BA Peak t value

Peak voxel coordinates

Cluster size ~ BA Peak t value  Peak voxel coordinates

Left hemisphere activations

Right hemisphere activations

Telic > Atelic
Fusiform gyrus 102 36/37 4.87 28 —34 —22
Lingual gyrus 35 4.26 —18 —80 —14 197 5.53 22 —60 —6
Parahippocampal gyrus 129 538 30 —36 —8
Superior temporal gyrus 17 22 4,09 54100
51 22 4.87 52 —-204
Heschl's gyrus 67 13 435 —32-2612
Inferior parietal lobe/AG/SMG 64 19/39 430 36 —82 36
23 40 4.14 —36 —42 50 190 40/39 5.19 58 —58 42
Cerebellum 17 4.26 —28 —54 -36 412 5.55 18 —68 —30
Precuneus/post. cingulate 274 31 5.53 10 —30 36
19 7 3.70 12 —74 54
Inferior frontal gyrus 54 47/13 435 3616 —4
ASL >Gesture
Occipital lobe 122 18/19 4.40 42 —80 —14
23 18/19 3.68 —48 —76 —12 29 18 438 8 —104 —4
Middle temporal gyrus 497 21 5.59 —62 —46 —8 49 4.64 48 —24 —10
30 39 4.00 —58 —586
Cerebellum 33 443 —4 —52 —36
57 425 —42 —66 —28
62 4.55 —38 —50 —30
Middle frontal gyrus 81 10/46 4.73 —42488 145 9 4.61 44 28 34
Inferior frontal gyrus/insula 1558 6/9/46 5.71 —38234 331 13/45/47 5.17 3618 10
44/45/47
124 13/45/47  4.04 —302210

For each cluster, the peak location is given in MNI coordinates, accompanied by location in terms of Brodmann's area and sulcal/gyral locus. T values represent the peak voxel
activation within each cluster. Clusters have been thresholded at 17 voxels (136 mm?), as Monte-Carlo simulation of 1000 iteration (AlphaSim, AFNI package), suggests whole

brain p<.05 at cluster size treshold of k=17.

the conjunction of the two ASL sign conditions was contrasted against
activation for the baseline gesture.

Secondary fMRI analysis

The individual contrasts for Telic vs. Gesture and Atelic vs. Gesture in
Deaf and Hearing participants were used as the input to repeated-
measures analysis of variance (ANOVA) with two factors (Telicity
[Telic, Atelic], and Deafness [Deaf, Hearing]) in SPM5. As this analysis
revealed the main effect of Deafness, the individual contrasts for Telic
vs. Atelic, Telic vs. Gesture, and Atelic vs. Gesture were then used as
input to a one-sample t-test analysis in SPM5 to obtain fixed effects re-
sults for Deaf and Hearing groups separately. The anatomical regions,
maximum t values, MNI coordinates, and cluster sizes of the significant
activation regions (p<0.05, corrected for false discovery rate) for all
contrasts as revealed by random-effects analysis were identified.
Additional trend-level clusters (size >10) that achieved an uncorrected
cluster significance of p<0.001 were also identified to evaluate the
extent of cortical involvement.

Results
Behavioral results

Deaf signers

Button-press responses to the question “Is this event more likely
to happen inside a house, or outside?” were collected during the
verb sign presentation to ensure behavioral compliance and sustained
attention to the semantics of the stimuli. Participants were instructed
not to respond to gesture. All except one participant (who was excluded
from the group analysis) carried out the task correctly, responding to
each ASL stimulus.

Hearing non-signers
Hearing non-signers were asked to determine whether the move-
ment of hands in verb signs was symmetrical with regard to central

axis of the body. Participants were instructed not to respond to ges-
ture. All participants included in the analysis carried out the task cor-
rectly, responding to each ASL sign.

Activation analyses

Main effects (ANOVA)

Significant main effect of Deafness, as yielded by ANOVA, is pre-
sented in Table 1. Deaf participants appear to have higher activation
than hearing non-signers in right Inferior Frontal and Middle Tempo-
ral gyri, as well as bilateral Middle Occipital Gyrus and premotor
cortex (Middle/Superior Frontal Gyri).

Hearing non-signers

The summary of neural activations elicited by ASL verb signs and
gestures in hearing non-signers is presented in Table 2.

Telic >Atelic: Telic verb signs elicited stronger bilateral activation
of fusiform gyrus (BA 37), left lingual gyrus, and right superior tem-
poral and superior parietal gyri as compared to atelic verb signs, in
hearing non-signers.

Atelic >Telic: No brain regions were more active in processing of
atelic, as compared to telic signs, at the statistical significance level
(prpr<0.05) or trend (Puncorr<0.001) level.

ASL >Gesture: Hearing non-signers viewing ASL as compared to
gesture exhibited extensive bilateral activations in temporal and oc-
cipital lobes extending into the cerebellum (BA 19/37, 18, 39), inferi-
or parietal lobes (BA 40), superior and middle frontal gyri (BA 6),
temporal lobe, and SMA (BA6) (see Fig.2A). Extensive activation in
the left frontal lobe encompassed inferior and middle frontal gyri(BA
6/9, 44/45/46), with a smaller discrete cluster in the pars orbitalis (BA
47); activations in the homologous areas of the right hemisphere in-
cluded four discrete clusters: in pars triangularis/insular area (BA 13/
45), pars triangularis (BA 45), pars orbitalis (BA 47), and middle fron-
tal gyrus (BA 46).
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Table 2

Cortical areas activated by viewing of ASL predicates and gesture in hearing non-signers. Clusters achieving p<0.05 corrected for False Discovery Rate (FDR) are reported.

Anatomical region Cluster size  BA Peak t value  Peak voxel coordinates  Cluster size ~ BA Peak t value  Peak voxel coordinates
Left hemisphere activations Right hemisphere activations

Telic > Atelic

Fusiform gyrus 135 37 8.95 —34 -52-10 314 37 6.92 34 —50 -8

Superior temporal gyrus 28 21/22 574 64 —140

Superior parietal lobe 37 7 4.95 14 —70 52

ASL > Gesture

Occipital and temporal lobes, 2638 19/37 11.18 —46 —68 12 2038 19/37 9.44 40 —62 —10
including cerebellum 18, 39, 22, 20 18,39

Inferior Parietal lobe 569 40 9.97 —46 —34 44 339 40 6.54 36 —40 46

Superior/Middle Frontal Gyrus 59 6 4.65 —44 —258 89 6 5.42 40 6 60

Cerebellum (posterior lobe) 176 5.64 —12 —-70 —22

SMA (bilateral) 213 6 6.35 —61848

Inferior and middle frontal gyrus 986 6/9, 44/45/46  9.73 —501024 110 46 5.62 48 40 26

Inferior frontal gyrus 53 47 4.94 —46 18 —8 62 45 4.98 408 28

Inferior frontal gyrus/insula 16 13/45 5.14 38228

For each cluster, the peak location is given in MNI coordinates, accompanied by location in terms of Brodmann's area and sulcal/gyral locus. T values represent the peak voxel

activation within each cluster.

Deaf signers

The summary of neural activations for all comparisons between ASL
verb signs and non-communicative gesture is presented in Table 3, for
statistically significant (prpr<0.05) and trend-level (pyncorr<0.001)
clusters.

ASL > Gesture: Processing of ASL signs, compared to viewing of ges-
ture, elicited extensive left-lateralized activations in the left inferior and
middle frontal gyri when contrasted with baseline gesture (see Fig. 2B).

The three “peaks” within this large cluster appear to comprise three
areas of activation, one in the inferior operculum (BA 44), one in
SMA(BA 6), and one in the MFG (BA 9/46). A homologous area in the
right hemisphere exhibited a trend-level cluster in MFG (BA 9/46).The
left hemisphere also exhibited a trend-level cluster at the insular/opercu-
lar junction (BA 13/47).

Telic >Atelic: Analysis of brain regions which were more active
during processing of telic, as compared to atelic predicates, yielded

ASL verbs vs. gross hand motion

O 2 N Wbk O OO~ © ©

B. Deaf signers

Fig. 2. Regions significantly more active during viewing of ASL sign vs. gross hand motion (gesture) in Hearing non-signers (figure A) and Deaf signers (figure B); thresholded at

k> 17, FWE-corrected, p<.05.
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Table 3

Cortical areas activated by viewing of ASL predicates in Deaf signers. Clusters achieving p<0.05 corrected for False Discovery Rate (FDR) are denoted by *, other clusters indicated

are at the trend-level of p<0.001, uncorrected.

Anatomical region Cluster size ~ BA Peak t value

Peak voxel coordinates

Cluster size  BA Peak t value  Peak voxel coordinates

Left hemisphere activations

Right hemisphere activations

Telic > Atelic

*Superior temporal gyrus

Precuneus

Cerebellum

ASL > Gesture

*Inferior and middle frontal gyri 215 9/46 5.87
6 5.06
44 4.68

Inferior frontal gyrus; insula 84 13/47 5.36

Telic >Gesture

Occipito-temporal junction

Inferior operculum; insula 149 13/47 6.57

Inferior frontal gyrus 26 45 4.49

Middle frontal gyrus 29 6 491

Inferior parietal lobe 24 40 5.68

SMA (bilateral) 92 6 497

Atelic > Gesture

Inferior and middle frontal gyrus 95 46/9 5.73

Middle frontal gyrus/precentral gyrus 81 6 5.32

Inferior frontal gyrus 19 44/45  4.80

—38232
—48 1228
—30206

—5010 26

17 22 7.30 50 —204

14 4.89 18 —54 10

12 5.54 8 —62 —20
—42 458 103 9/46 6.15 46 28 34

16 19 6.20 48 —76 —8
—28226 232 13/47  5.68 3216 -2
—46 2 54 59 9 6.95 44 28 34
—54 —52 42 26 40 4.68 48 —54 40

—2256

—421228
—44452
—5216 12

For each cluster, the peak location is given in MNI coordinates, accompanied by location in terms of Brodmann's area and sulcal/gyral locus. T values represent the peak voxel

activation within each cluster. Clusters have been thresholded at 10 voxels (80 mm?).

right-lateralized activation clusters in the STG (BA22). Weaker, local-
ized activity was observed at a trend-level in the right precuneus and
cerebellum (see Fig. 3).

Atelic >Telic: No brain regions were more active in processing of
atelic, as compared to telic signs, at the statistical significance level
(prpr<0.05) or trend level.

Fig. 3. Precuneus, cerebellum, and right STG demonstrate significantly more
activation during viewing of Telic vs. Atelic verbs in Deaf signers; thresholded at
k> 10, uncorrected p<.001.

Telic > Gesture: The participants showed more extensive activations
during semantic processing of telic predicates, as compared to perception
of meaningless gesture. Significant bilateral activations were present in
opercular/insular junction, SMA, middle frontal gyrus, and inferior
parietal lobe (BA 40). In addition, this contrast revealed left-lateralized
activation in IFG (BA 45), and right-lateralized activation in inferior
occipital gyrus (BA 19).

Atelic > Gesture: The brain regions, which showed extensive acti-
vations in response to semantic processing of atelic predicates, as
compared to perception of gesture, included inferior frontal gyrus
(including BA 44 and BA 46) and middle frontal gyrus (BA 6).

Discussion

In this study, the participants were presented with visual stimuli
consisting of telic and atelic ASL signs, with simple gestures as a base-
line condition. The simple gestures consisted of non-intentional (non-
communicative) slow movements of the arms being lowered from a
T-position (straight out) to the sides of the body, and back up. The
participants (13 Deaf native ASL signers, 12 hearing non-signers)
were presented with video stimuli in a block paradigm, while moni-
toring for the semantics of the sign (Deaf signers) or the symmetry
of hand movement (hearing non-signers). The neural activations eli-
cited by linguistic vs. non-linguistic stimuli in Deaf signers in the pre-
sent study were consistent with earlier research, which demonstrated
that areas activated by sign language include cortical networks in the
left perisylvian language areas (Corina et al., 2007; Emmorey et al.,
2009; MacSweeney et al., 2004, 2008a,b).

Deaf participants exhibited highly focused activations in
language-processing regions in response to telic vs. atelic signs, as
well as ASL vs. gesture. Higher activation of STG for the processing
of telic vs. atelic verb signs can be interpreted as a reflection of higher
complexity of the phonological structure of telic verbs, compared to
atelic ones. Prior sign language research has demonstrated that left
STG is activated in creating abstract phonological representations
based on spatial properties of signs (Emmorey et al., 2003, 2007;
MacSweeney et al., 2004; Petitto et al., 2000). While the right STG
has not been identified in phonological tasks to date, its activation
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has been noted in the processing of sign language discourse (Neville
et al., 1998). The question then arises: what property of the stimuli
elicit right STG activation in the Deaf participants?

Spectro-temporal differences in auditory stimuli (Hall et al., 2000)
have been noted to elicit activation of right STG at MNI coordinates
(54-12-2) while the participants listened to modulated vs. static
tones. In the present study, the MNI coordinates of right STG activation
in the Deaf group are close at (50-20 4), suggesting the possibility
that STG activation in the telic vs. atelic contrast might be due to the pro-
cessing of velocity differences between the two stimuli types.

A recent rTMS study by Duque et al. (2010) also proposed that the
right STG plays a crucial role in the processing of relative speeds of
motion for the two hands. The center of the rTMS stimulation site in
the Duque et al. study was at Talairach (67-35 16); the Talairach
equivalent? of right STG activation in the Hearing participants was
(60-15 4). There is, thus, a possibility that not the individual speed
of each hand, but their motion relative to each other might have
been used strategically as a perceptual cue by Hearing participants.’

Trend-level activations in the current data (cluster level p<0.05,
uncorrected) also support the hypothesis that telic and atelic verb
signs elicit differential phonological processing in Deaf signers: for
example, cerebellar activation, as seen in the telic>atelic contrast,
has been previously shown to play a role in linguistic-cognitive pro-
cessing in both signed and spoken languages (Corina et al., 2003).
The telic> atelic contrast also demonstrated increased activation of
the precuneus at the trend level. Perceptual studies requiring seg-
mentation of continuous video into discrete events (Zacks et al.,
2001, 2006), as well as studies of event segmentation in text narra-
tives (Speer et al., 2007), show increased activation of the precuneus
at event boundaries. The higher activations of the precuneus by telic,
as compared to atelic, verbs in the present study may indicate the
indexing of event boundaries triggered by comprehension of telic
predicates, although comparison of neural activations in Deaf signers
and hearing non-signers should be made with caution (Meyer et al.,
2007). Overall, the findings suggest that telic ASL signs might be pro-
cessed as more phonologically complex in comparison to atelic signs
by the Deaf signers, and appear to show event segmentation-related
activation during semantic processing.

The fact that activations in response to the stimuli were highly
focal in Deaf participants was expected, since expertise-based neural
activations have been shown to be more localized in various domains
(cf. McKiernan et al., 2003; Parsons et al., 2005; Petrini et al., 2011).
Thus, the localized STG activation might point to the fact that the
Deaf have high expertise in the processing of spectro-temporal prop-
erties (such as velocity) of visual stimuli. It is also possible that in the
present experiment the neural response of Deaf participants to ASL
signs, in contrast to low-complexity motion (gesture),was not driven
by sensory processing of motion complexity, but rather by the top-
down processing (feature extraction), as signers continually monitor
visual input for linguistic information.

The interpretation of the results of this study is subject to a caveat
common to cognitive science literature, in that the elicited activations
may reflect neural processes related to the differences in task com-
plexity between the group of Deaf signers and the control group of
hearing non-signers. It is also possible that stimulus properties
other than those defined by the linguistic or kinematic features
(such as frequency of stimulus signs in normal signing discourse)
might have contributed to the results of the study. It is, however, un-
likely, as the contrasts in the present study did not correspond to

3 Hall (2000) also noted a more posterior right STG activation due to task demands
(MNI 52-40 0). This activation, however, is significantly more posterior than the right
STG activation in either group in the present study.

4 Generated by Yale Non-Linear MNI 2 Talairach converter (Lacadie et al., 2008).

5 We thank an anonymous reviewer for bringing this argument to our attention.

networks of brain areas previously implicated in task difficulty or ef-
fects related to stimulus frequency.®

Future studies may help shed more light on the relationship be-
tween visuo-kinematic properties of signs and form-to-meaning
mapping, and circumscribe the neurocognitive mechanisms responsi-
ble for it, both in ASL and in other sign languages. Additional cross-
modal investigations of known language universals, similar to verb
types investigated in the present study, might provide further infor-
mation about what abstract processing tasks are carried out by indi-
vidual components of language network.
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