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Language is a central and integral part of our personal and social
lives. A deeper understanding both of language and of the princi-
ples governing brain organization can come from investigating the
degree to which language-relevant neural systems may be biolog-
ically constrained, the extent to which they are susceptible to mod-
ification by experience and whether sensitivities to language input
may change across the lifespan. Here we report an experiment
designed to address these questions by examining the effect of age
of acquisition on the neural systems involved in the processing of
language in bilinguals whose two languages differ in both their
structure and their modality: one an aural-oral language (English),
and the other a visual-manual language (American Sign Language).

It is widely accepted that there is a ‘critical period’ for first lan-
guage (L1) acquisition: children who are not exposed to any lan-
guage before the age of puberty (or even sooner) are unable to
fully acquire and use the syntactic principles of language1–3. Evi-
dence of critical periods for second language (L2) acquisition also
exists. The age at which one acquires a second language correlates
negatively with one’s ultimate level of proficiency in that language,
particularly with respect to syntax4,5 and phonology6,7. The neur-
al basis of this difference is not well understood. Most studies
investigating this question suggest that similar regions of the brain,
primarily in the LH, mediate the processing of L1 and L2 in pro-
ficient users of these languages, but that the degree of overlap and
of lateralization of the two languages decreases as proficiency
decreases and/or age of acquisition increases5,8–16.

More distinct patterns of brain activation have been observed
for bilinguals whose two languages, though equally complex lin-
guistically, differ in modality: one an aural-oral language, and the
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Signed languages such as American Sign Language (ASL) are natural languages that are formally
similar to spoken languages, and thus present an opportunity to examine the effects of language
structure and modality on the neural organization for language. Native learners of spoken
languages show predominantly left-lateralized patterns of neural activation for language
processing, whereas native learners of ASL show extensive right hemisphere (RH) and LH activation.
We demonstrate that the RH angular gyrus is active during ASL processing only in native signers
(hearing, ASL-English bilinguals) but not in those who acquired ASL after puberty (hearing, native
English speakers). This is the first demonstration of a ‘sensitive’ or ‘critical’ period for language in an
RH structure. This has implications for language acquisition and for understanding age-related
changes in neuroplasticity more generally.

other a visual-manual (signed) language. In hearing persons who
were born to deaf parents and learned both ASL and English as
native languages, reading English primarily activates classical lan-
guage regions of the LH, whereas viewing ASL sentences activates
similar LH regions and an extensive network of right hemisphere
(RH) regions including the superior temporal sulcus (STS), the
angular gyrus (AG) and the posterior portion of the precentral sul-
cus (PCS)17. These RH activations are also observed in deaf native
signers viewing ASL, but not in hearing native English speakers who
do not know ASL17,18, indicating that they are a network of RH
regions activated specifically by the processing demands of ASL.

The unique demands of processing ASL may necessarily
recruit certain RH areas not seen for the processing of spoken
languages. For example, the use of ASL may recruit regions spe-
cialized for processing meaningful visual–spatial material. How-
ever, the plasticity of some or all of these RH regions may change
with age, leading to an apparent ‘critical’ or ‘sensitive’ period in
development such that only when ASL is learned early in life can
these regions be recruited for the processing of ASL. By compar-
ing subjects who learned ASL either before or after puberty, we
evaluated these hypotheses. We used functional magnetic reso-
nance imaging (fMRI) to compare activations in two groups of
fluent English-ASL bilinguals. All subjects were native learners
of English. One group (native signers, NS) also learned ASL from
birth, from deaf parents whose primary language was ASL, where-
as the other, late signers (LS), learned ASL in an immersion envi-
ronment in early adulthood (after puberty). Subjects viewed
English and ASL sentences alternating at regular intervals with
control stimuli that were visually similar but non-linguistic and
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meaningless. The results provide support for both hypotheses:
when processing ASL, both NS and LS subjects showed activity in
the LH and along the RH STS. However, only NS subjects showed
additional activation of an RH inferior parietal region, the AG,
suggesting that there is a limited time period when this region
can be recruited into the language system.

RESULTS
When reading English sentences, in contrast to reading consonant
strings, both NS and LS subjects displayed robust activation 

within a network of LH cortical areas (Broca’s area, dorsolateral
prefrontal cortex (DLPC), PCS and STS); however, no RH regions
were reliably activated (Fig. 1, Table 1). The distribution of these
activations was not different between the groups (p > 0.005), reflect-
ing the fact that English was a native language for both groups.

When examining the activations in response to ASL sentences
as compared to nonsense signs (Fig. 2, Table 1), both groups
showed extensive activation of LH regions classically associated
with language processing, including Broca’s area, DLPC, PCS, STS,
lateral sulcus, AG and supramarginal gyrus (SMG). There were no
significant group differences in activation within any LH region
(all p-values > 0.005). In contrast to reading English, however, ASL
also activated certain RH structures. Both groups showed signifi-
cant (p < 0.005) and equivalent (group p-values > 0.005) activa-
tions along the anterior and middle RH STS. This finding suggests
that the anterior and middle RH STS is active in the processing of
ASL, irrespective of the age at which it is learned.

Although LS subjects displayed significant activation in the
anterior and middle segments of the RH STS, the level of activa-
tion overall in the RH for LS subjects was consistently less than in
the NS subjects. This is reflected in laterality index scores 
(Table 2): LS subjects showed strong LH dominance for the pro-
cessing of ASL (6 regions of interest (ROIs) had significantly more
activation (p < 0.005) in the LH than RH), just as all subjects do

Fig. 1. Activations within anatomically specified regions of interest
(ROIs) in response to written English sentences relative to consonant
strings. Activity in an ROI reflects a significant combination of percent
signal change and spatial extent of activation across subjects. Regions
shown as significant only for one group in this figure were active at sub-
threshold levels in the other group (no significant group differences in
any ROI).

Table 1. Significance levels of activations for language versus control conditions within specified regions of interest.

Region Brodmann area ICBM coordinates English American Sign Language

x y z Native signers Late signers Native signers Late signers
L H RH L H RH L H RH L H RH
p p p p p p p p

Inferior frontal
Broca’s 44/45 55 20 10 0.0018* – 0.0019* – 0.0017** – 0.0000** –
DLPC 9/46 45 30 30 0.0011* – – – 0.0035* – 0.0007* –
Precentral sulcus

inferior 6/44 60 10 30 – – – – 0.0000** – 0.0000** –
posterior 6/9 40 –5 60 – – 0.0037* – 0.0016* 0.0031* 0.0000** –
superior 6 50 20 50 – – – – 0.0040* – 0.0033* –

Central sulcus 60 –15 45 – – – – 0.0026* – 0.0040* –
Temporal
Lateral sulcus (ant.) 22 65 5 0 – – – – 0.0023* – 0.0000** –
Superior temporal sulcus

anterior 22 65 –5 –10 – – – – 0.0001** 0.0001** 0.0005** 0.0000**
middle 22/41/42 65 –25 –5 – – 0.0005** – 0.0001** 0.0000** 0.0000** 0.0019*
posterior 22/42 65 –45 0 – – 0.0043* – 0.0001** 0.0002** 0.0000** –

Inferior parietal
Angular gyrus 39 60 –55 40 – – – – 0.0014* 0.0019* 0.0000** –
SMG 40 55 –45 55 – – – – – – – –

We obtained p-values using a MANOVA combining percent of region and percent change in signal for activated voxels within each ROI. ICBM coordinates were
obtained from the approximate center of each ROI (using the Montreal Neurological Institute’s average T1 MRI) and do not necessarily represent the true centroid
of a cluster of activated voxels within that region. *p ≤ 0.005; **p ≤ 0.0005; –, nonsignificant (p > 0.005). LH, left hemisphere; RH, right hemisphere; ROI, region of
interest; DLPC, dorsolateral prefrontal cortex; STS, superior temporal sulcus; SMG, supramarginal gyrus; ICBM, International Consortium for Brain Mapping.
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for English, whereas NS subjects showed no LH dominance in
any region for ASL processing. Rather, for all RH regions acti-
vated by ASL in NS subjects, the activation was equivalent to that
of the homologous LH region (all between-hemisphere p-values
were greater than 0.005). Thus, LS subjects seemed to rely most
heavily on the network of LH regions already established for the
processing of English. These results indicate that although cer-
tain regions within the RH may be activated by ASL even in post-
pubescent learners, the magnitude and spatial extent of these
activations are less than in native learners of the language.

NS subjects showed robust (F2,15 = 9.83, p = 0.002) activa-
tion in one RH region, the AG, that was not significantly acti-
vated in the LS subjects. (Only one LS subject showed any
activation in this region, and then only in one of two scanning
runs.) This activation (Fig. 3) represented a significant group dif-
ference, both by a group comparison for ASL within the RH AG
(F2,30 = 6.19, p = 0.005) and by a language × group interaction
in the RH AG (F2,58 = 5.77, p = 0.005). This region was also acti-
vated by these same stimuli in a group of deaf native signers we
have studied17. Because the acquisition of ASL after puberty 
does not lead to activation within this region, it thus seems that
there may be a critical (or sensitive) period for the recruitment
of the RH AG for the processing of ASL. This may also be true
for the posterior PCS, another region that was activated in NS 
(F2,15 = 8.73, p = 0.003) but not LS subjects; however, the
between-group comparison for this region was not highly sig-
nificant (F2,30 = 4.06, p = 0.027), and this region was not strong-
ly activated in deaf native signers17.

DISCUSSION
Findings of RH activation for ASL have been surprising to some19,
considering the fact that most studies of brain-damaged signers
have reported aphasias only in those with LH damage20–22. Cru-
cially, however, RH damage in native signers leads to impairments
in the processing of syntactic constructions that rely on spatial rela-
tionships and in the processing of classifiers, signs that convey visu-
al–spatial information about their referent in a literal or ‘iconic’
manner20. Converging evidence from other methods of investiga-
tion also supports an involvement for the RH in signed language
processing: a PET imaging study of Swedish Sign Language23 and
an ERP study of ASL24 have both reported greater RH activation for

signed than spoken language.
The exact role of the RH in ASL pro-

cessing has yet to be determined. Given that
phonological and grammatical abilities are
most affected by delayed age of acquisi-
tion2–7, a reasonable hypothesis is that the
RH AG, whose activity is affected by age of
acquisition, participates in one or both of
these functions in ASL processing. Support-
ive of this hypothesis is evidence showing
that an electrophysiological response elicit-
ed by signs serving primarily grammatical
functions is present in both the left and right
hemispheres in deaf and hearing native sign-
ers but is only prominent in the left hemi-
sphere of hearing late signers24. Given the
dominant role of the RH in spatial process-
ing25, it is reasonable to suppose that the
spatial nature of linguistic information in
ASL results in increased reliance on such RH
mechanisms. ASL exploits space both to
make phonological distinctions and to pro-
vide grammatical information such as sub-
ject and object roles, and prepositions26. The
RH STS and the inferior parietal lobe
(including the AG) seem to have some spe-
cialization for the processing of human bio-
logical motion: hand movements activate

Fig. 2. Activations within regions of interest (ROIs) in response to ASL
sentences relative to meaningless sign-like gestures. Like English, ASL
activates extensive regions of the left hemisphere; however, ASL addi-
tionally activates RH superior temporal and inferior parietal regions.
Moreover, RH activation in native signers includes brain regions not
active in later-learning signers.

Table 2. Hemispheric asymmetry of activations for ASL.

Native signers Late signers
Region Lat. index (%) p (LH > RH) Lat. Index (%) p (LH > RH)

Inferior frontal
Broca’s area 40.4 – 61.5 0.0001**
DLPC 33.7 – 55.3 –
Precentral sulcus

inferior 48.3 – 62.9 0.0001**
posterior 6.4 – 80.9 0.0001**
superior 23.9 – 118.4 0.0033*

Central sulcus 46.1 – 117.4 –
Temporal

Lateral sulcus (anterior) 41.1 – 42.8 –
Superior temporal sulcus

anterior 0.9 – 13.7 –
middle –17.1 – 42.4 –
posterior 5.4 – 53.0 0.0007*

Inferior parietal
Angular gyrus 3.2 – 100.0 0.0000**
Supramarginal gyrus 85.1 – 100 –

Laterality index calculated as the difference between homologous LH and RH regions as a function of their
averaged activity (see Methods). Positive values reflect greater activity in the LH, and negative values,
greater activity in the RH. Probability values (p) are from MANOVAs comparing ASL with meaningless
gestures in the right and left hemispheres within each ROI; **p ≤ 0.0005; *p ≤ 0.005; –, nonsignificant 
(p > 0.005). DLPC, dorsolateral prefrontal cortex; LH, left hemisphere; RH, right hemisphere.
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the RH STS, and both learned and meaningless actions activate the
RH AG27,28. This may partially explain the RH activations in these
regions in the present study. However, because we directly com-
pared ASL with meaningless gestures, linguistic content must nec-
essarily be involved in eliciting these activations. In contrast to these
findings for ASL, both meaningful and meaningless spoken lan-
guage (and acoustically comparable nonlinguistic sounds) activate
RH superior temporal cortex to an equal degree29–32.

The results show that exposure to a language that makes exten-
sive use of hand, arm and facial movements leads to specialization
in the type of processing performed by the RH AG, but only if that
language is learned before puberty. This region may possess some
biological bias toward the processing of human biological motion
and spatial information generally, which makes it susceptible to
recruitment and specialization for spatial–linguistic ASL process-
ing. Additionally, the LH homolog of the AG is involved in both
spoken and signed language processing, suggesting an additional
predisposition toward linguistic processing. Future work will inves-
tigate which specific linguistic subsystem(s) lead to the activation
of the RH AG. However, it is certain at present that this region is
less susceptible to modification by experience after puberty, and
thus, for signed language as for other natural languages, the nature
and timing of language input have significant effects on the iden-
tity and configuration of the language systems of the brain.

METHODS
The methods used here were virtually identical to those used in previ-
ous studies of signed and written language processing, on which we have
reported elsewhere17,18. Although somewhat more advanced methods
for data acquisition and stimulus presentation were available, these iden-
tical conditions were used to ensure that these data could be directly com-
pared to those acquired from other groups in our previous studies.

Subjects. All participants were neurologically intact, right-handed young
adults (mean age, 29 years; NS, 11 females, 5 males; LS, 7 females, 4 males).
All gave informed consent before their participation in this study (in accor-
dance with NIH guidelines) and were paid for their participation. Data
from all but one of the NS subjects were presented in a previous report17.
LS participants had all attained a high degree of fluency in ASL through
postgraduate study in either ASL Linguistics or ASL Interpreting at Gal-
laudet University. All subjects had used ASL on a daily basis for a mini-
mum of four years before testing, in an immersion environment as a part

of their daily lives; many were certified ASL interpreters. All subjects were
interviewed by one of the authors (D.C.), a fluent signer trained in ASL
linguistics, to ensure that they were proficient in ASL. One subject was
rejected on the basis of this interview and was not run in the study. LS
subjects’ performance was comparable to that of the NS subjects on the
behavioral sentence comprehension task (independent groups t-test, n.s.).
This is not meant to imply that the competence of late signers was equiv-
alent to that of native signers3; however, steps were taken to ensure a rea-
sonably high level of fluency. These LS subjects had at least as much
exposure to their L2 as the ‘high proficiency’ subjects in a recent neu-
roimaging study that examined effects of proficiency on cortical organi-
zation for L1 versus L2 in oral–aural language16.

Task and stimuli. Stimuli were videotaped and projected onto a screen
placed over subjects’ feet, which they viewed with a half-silvered mirror
located above their eyes. For the English condition, the target stimuli
were written English sentences and control stimuli were written conso-
nant strings. Both of these types of stimuli were presented one item at a
time in the center of the screen, each 400 ms duration and 200 ms inter-
stimulus interval. In the ASL condition, the target stimuli were sentences
signed by a deaf native signer, and the control stimuli were meaningless
gestures, formally similar to real signs, produced by the same signer in
sentence-like strings with length similar to the ASL sentences.

Each subject attended 2 experimental sessions (one for each cerebral
hemisphere to be scanned; see below), with different sets of stimuli used
in each session. Each experimental session consisted of 2 practice runs
and 4 experimental runs. The practice runs (one for each language) con-
sisted of 2 cycles of alternating 32-s blocks of target and control stim-
uli, and were used to familiarize subjects with the stimuli and scanner
noise. Data from these shorter runs were not analyzed. Each of the 4
experimental runs (2 for each language) consisted of 4 cycles, 1 run for
each language beginning with a ‘target’ block and 1 beginning with a
‘control’ block. To ensure that subjects paid attention to the sentences,
after each run, a recognition test of 6 sentences and 6 consonant strings
or non-signs (50% from the preceding run) was given. This task was
chosen to be sufficiently easy that difficulty would not be a factor that
varied between groups.

Data acquisition. Gradient-echo echo-planar images (8 sagittal slices;
TR, 4 s; TE, 28 ms; resolution, 2.5 × 2.5 × 5 mm) were acquired with a
4T whole-body MR system, fitted with a removable 20-cm diameter 
z-axis head gradient (surface) coil33, while the subjects viewed the stim-
uli. Co-planar, high-resolution structural MR images were also acquired
(gradient-echo GRASS sequence; TR, 200 ms; TE, 10 ms; flip angle, 15°).
The surface coil was placed next to the ear of each subject, allowing only
one cerebral hemisphere to be imaged to a depth of 40 mm from the lat-
eral surface of the temporal lobe, due to signal dropoff with increasing
distance from the coil. Thus, each subject was asked to attend 2 scanning

Fig. 3. Differences in activation between native- and late-learning ASL
signers, for English sentences (top) and for ASL sentences (bottom). The
only significant group difference was the activation of the RH angular
gyrus in native-learning but not late-learning signers when processing ASL.

Fig. 4. Regions of interest analyzed in this study, delineated previously34.
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sessions on separate days, 1 for each hemisphere, with order counter-
balanced across subjects. (This was not always possible: 4 NS subjects
had only the RH scanned, and 5, only the LH; for LS, 1 subject had RH
only and 1 had LH only.)

Data analysis. The amount of subject head motion in each individual
dataset was determined using realignment in SPM96 (Wellcome Depart-
ment of Cognitive Neurology, London). We were unable to apply motion
correction to our data sets due to the limited amount of brain imaged,
and so used a rigorous cutoff less than 0.3 mm of motion for data sets
included in the analysis. Entire data sets from 1 hemisphere of each of 
3 NS subjects and 1 LS subject were discarded, along with 15 other indi-
vidual runs from NS and 7 from LS (total, 29% of NS data; 13% of LS
data). After rejection, subjects’ sex and scanning order remained com-
parable across groups.

Activations were analyzed within cortical ROIs, based on sulcal
anatomy and traced on each subject’s high-resolution structural MR
images according a previously determined scheme34. The ROIs exam-
ined (Fig. 4) were activated by these stimuli in previous studies and
thus were predicted a priori to show activation. The statistical analysis
followed two main steps17. First, cross-correlation was applied voxel-
wise35 within each ROI to detect active voxels, using a threshold of 
r ≥ 0.5 (effective degrees of freedom = 35, p = 0.001). For each ROI,
the mean percent change in activation and percent volume of the ROI
of suprathreshold voxels were calculated. These two statistics were log-
transformed and entered as dependent variables in multivariate analy-
ses of variance (MANOVAs, using BMDP Statistical Software, Los
Angeles, California, and Cork, Ireland). Activation within each ROI
was assessed by testing the null hypothesis that the linear combination
of these two dependent variables (Hotelling’s T2 statistic, a natural gen-
eralization of Student’s t-statistic to multiple dependent variables) was
zero. MANOVAs were performed on each ROI within each group and
hemisphere, for each language (that is, English versus consonant strings;
ASL versus meaningless gestures), and to compare activation between
languages (as a within-subjects factor), hemispheres (as a between-sub-
jects factor), and groups (as a between-subjects factor). To guard against
false-positive results, p ≤ 0.005 was used as the threshold for signifi-
cance for the MANOVAs.

To assess the relative degree of activity in homologous ROIs in each
cerebral hemisphere, we calculated a laterality index from the T2 statis-
tic derived from the MANOVAs for the homologous ROIs in each hemi-
sphere ((T2LH – T2RH)/((T2LH + T2RH)/2) × 100).
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