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Hemisphere dominance for language scems to be a basic fact of human psy-
chology. This may be related to supramodal representation of natural language
systems. Alternatively it might be associated with transmodal processing and
convergence being a prerequisite for human speech. The fact that sign langu-
ages and sound languages are based on different primary modalities (visual-
spatial for sign languages and oral-auditory for sound languages) provides the
opportunity to compare the neurofunctional substrate of both language types
in order to approach this problem. Empirical evidence can be taken from stu-
dies of sign language aphasia as well as from imaging studies exploring intact
sign language processing. Up to now most known data document left hemi-
sphere dominance for intact and defective sign language functions. Thus, empi-
rical evidence appears to reject the hypothesis of language dominance to be
dependent on the oral-auditory modality alone. We present additional eviden-
ce from a new imaging study on the perception of written and signed lexemes
in deaf and hearing volunteers.

Introduction

Within the last two decades neurosciences became more and more interested in sign
language research. Since sign languages make use of visual-spatial modalities different
from oral-auditory modalities in sound languages, a comparison of the hemispheric or-
ganization underlying the processing of both language types could help to find out mo-
re about the nature of left hemisphere dominance, Several studies of brain-damaged deaf
signers have documented aphasia-like symptoms after left-brain lesions only, which
lead to the assumption, that the left hemisphere is dominant for both, sound and sign
language (Ronnberg et al., 2000). However, the precise nature of language dominance
needs further clarification. Therefore it is discussed whether the left hemisphere might
be generally predisposed for language processing, independent of in- and output mo-
dalities (predisposition-hypothesis), implying a supramodal representation of language
in the brain (Poizner et al., 1987).! This is opposed to the assumption of hemisphere do-
minance being specifically developed for the in- and output-requirements of speech
(modality-dependency-hypothesis) (McKeever et al., 1975).
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In the sixties, Geschwind and Levitzky (1968) argued for a restricted modality-de-
pendency-hypothesis. They stated that the dominance of the left hemisphere for lan-
guage functions relies on auditory input alone (auditory-input-hypothesis). This
claim was motivated by anatomical asymmetries in the two hemispheres, as new evi-
dence was provided for the planum temporale being larger in the left hemisphere than
in the right (Geschwing & Levitzky, 1968). The planum temporale is located on the
inner perisylvian surface of the posterior temporal lobe and thus represents interplay
between areas associated with auditory functions (auditory association cortex) and
speech-understanding (Wernicke’s area). From this anatomical finding Geschwind
and Levitzky (1968) concluded that auditory input is the major determinant for left
hemisphere dominance. Consequently, sign language processing in congenitally deaf
who never had access to auditory routes cannot be lateralised in the left hemisphere.
Support for this claim came from early visual-half-field-studies (VHF-studies),
which demonstrated no or only minimal half-field asymmetries for the processing of
signs in deaf signers (McKeever et al., 1975; Manning et al., 1977). Later VHF-stu-
dies disconfirmed this negative finding by showing a right half-field advantage si-
milar to the one found for processing written words, indicating dominance of the
contra-lateral left hemisphere for both, sound and sign language (Corina et al., 1992;
Grossi et al., 1996; Panou & Sewell, 1984).2

Another variant of the modality-dependency-hypothesis is related to output-moda-
lity. Kimura argues for a specialisation of the left hemisphere for motor program-
ming in general (motor-programming-hypothesis) and assumes that linguistic im-
pairment is secondary to disorders in motor programming and execution of speech
(Kimura et al., 1976; Kimura, 1993). Kimura’s statement is based on the assump-
tion that the processing of speech relies on segmental and sequential processing,
which is essential for motor programming and is specialized in the left hemisphere.
For sound language, Kimura’s view appears to be supported by the clinical finding
that disorders of motor programming (apraxia) are commonly associated with dis-
orders of language (aphasia) (De Renzi et al., 1966; Poeck, 2000; Huber et al.,
2000).> However, patients with aphasia do not always present with apraxia, even in
the acute phase (Papagno et al., 1993), which is at variance with Kimura’s assump-
tion. Simple dissociations between aphasic and apractic disorders do not only hold
for limb movements and oral movements, but may characterize the speech output di-
rectly. On the one hand, the selection and sequencing of articulatory gestures may
be affected as a result of specific disorders in programming speech movements
(speech apraxia). On the other hand, phonological encoding of lexical items may be
affected on a supramodal level of processing leading to segmental errors in the pro-
duction of sound structures both in speaking and writing (phonemic paraphasias/pa-
ragraphias). In the speech of aphasic patients, phonemic paraphasias may be present
without any additional sign of speech apraxia, such as over controlled execution of
articulation and/or difficulties of initiating articulation (Huber et al., 2000). Again,
this makes Kimura’s claim less plausible.
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Of course, disorders of sign language after brain damage are another important area
to study Kimura’s attempt to relate language processing closely to motor programming,
Sign language studies might be specifically revealing, as the observation of hand mo-
vements in linguistic and non-linguistic performance of deaf patients is more directly
observable than phonological encoding, articulation and non-verbal oral movements in
hearing patients. The motor programming hypothesis would have to be clearly rejected,
if there were evidence for a double dissociation between sign language disorders (ap-
hasia) and deficits in motor programming of non-linguistic hand movements (apraxia).
With respect to localization, the motor-programming-hypothesis predicts a left latera-
lisation for sound as well as sign language functions because both are subordinated to
motor programming, which is to be located in the left hemisphere.

A third variant of the modality-dependency-hypothesis refines Kimura’s idea by as-
suming a specialization of the left hemisphere for rapid sequential processing (tem-
poral-processing-hypothesis) (Tallal et al., 1995). This is required for both motor pro-
gramming and auditory analysis of the speech input. The temporal-processing-hypo-
thesis is derived from the importance of temporal cues for speech perception (Lisker
& Abramson, 1964). In many studies, Tallal and co-workers presented evidence that
both, children with language deficits and adult aphasics are not only affected in the
processing of rapid acoustic cues in speech, such as voice onset time (VOT), but are
generally impaired in the processing of acoustic contrasts which are based on high
temporal resolution (Tallal & Newcombe, 1978). Tallal has concluded that the capa-
city for processing of rapidly changing sequences of sensory and motor events is an
essential prerequisite for language skills (Tallal et al., 1995). Left lateralisation of lan-
guage may have evolved due to the capabilities of the left hemisphere to process tem-
poral sequences. With respect to sign language, it is not clear how much temporal re-
solution is required for the perception and production of signs (Corina, 1999). In re-
cent studies deaf and hearing subjects performed equivalent well on tasks assessing
temporal processing skills (Poizner & Tallal, 1987), thus showing no strict correlation
between auditory input modality and temporal sequencing abilities.

Summarizing the discussion on hemispheric specialization, the main positions are
turned into predictions on how likely it is to find different lateralisation for sound and
sign language processing:

* Same lateralisation is predicted by predisposition-hypothesis and motor-program-
ming-hypothesis,

+ different lateralisation by auditory-input-hypothesis and temporal-processing-hy-
pothesis (if sign language processing requires lower temporal resolution than
sound language processing).

There are two main approaches to study hemispheric organisation of sign language

processing. One is the examination of linguistic and non-verbal motor skills of deaf

native signers with unilateral brain-damage of either the left or the right hemisphere.

The symptoms are analysed and correlated with the anatomical site of the lesion. The

second method investigates intact sign language processing by the help of function-

al brain imaging.
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Evidence involving brain lesion data

In 1943 Leischner for the first time documented a breakdown of linguistic abilities
in a deaf signer after a unilateral left-brain lesion caused by stroke (Leischner, 1943).
Later on, several more single cases of sign language aphasia were reported
(Ronnberg et al., 2000; Poizner et al., 1984; Poizner et al., 1987; Hickok et al., 1996,
Hickok et al., 1998). The case reports show expressive symptoms on every level of
the language system (syntactic, lexical and sublexical). The error patterns in signing
appear to be independent of problems related to motor execution of hand- and arm-
movements. Rather the aphasic symptoms of signing are strikingly parallel to well
known expressive aphasic errors in sound languages and reflect difficulties and bre-
akdown of central language processing (Rénnberg et al., 2000; Poizner et al., 1987;
Huber et al., 2000; Huber & Ziegler, 2000). In both speaking and signing, the apha-
sic errors must be distinguished from difficulties of motor execution. Such difficul-
ties arise from motor disease due to bilateral pathology (e.g. Parkinson’s disease) and
are documented for deaf signers as well (Poizner et al., 1987; Poizner & Kegl, 1992;
Brentari et al., 1995).

No double dissociation between signing aphasia and hand movement apraxia is re-
ported in the literature whereas some studies demonstrate simple dissociations between
signing aphasia and motor programming disorders (apraxia) (Poizner et al., 1987;
Poizner & Kegl, 1992; Leischner, 1943; Poizner et al., 1984). These are cases of deaf
signers who suffer from sign language disorders but show no apractic errors in non-
verbal hand movements. There is one controversial case in which apraxia and sign lan-
guage aphasia were present together four years post left hemisphere stroke (Kimura et
al., 1976). When the patient was retested six years later, he was completely recovered
from apraxia but still suffered from a severe aphasia (Poizner et al., 1987).

Language comprehension is similarly affected in aphasia of both sign and sound
languages. There are two common aspects. First, the receptive symptoms differ from
expressive symptoms in quality as well as in quantity (Poizner et al., 1987; Huber et
al., 2000; Huber & Ziegler, 2000). Second, comprehension errors are influenced by
grammatical, lexical and sublexical similarity contrasts, e.g. there is confusion of sub-
ject-object relationship, of semantic class membership and of distinctive features in
sublexical structure (Poizner et al., 1987; Huber et al., 2000; Huber & Ziegler, 2000).

In all case reports on sign language aphasia, the lesion affected those anatomical
sites within the left hemisphere which are well documented in studies of sound lan-
guage aphasia: posterior and anterior language areas, perisylvian opercula, insular
cortex and basal ganglia (R6nnberg et al., 2000; Poizner et al., 1987). The resulting
aphasic disturbances can be delineated from non-aphasic symptoms in signing just
as in speaking. In particular, aphasic signing was demonstrated to be different from
limb apraxia, even though both disorders result from left hemispheric lesions. After
right hemisphere stroke, deaf signers were observed to have deficits in general visu-
al-spatial capabilities such as hemineglect but not in linguistic processing even when
spatially encoded features of sign language were examined (Poizner et al., 1987).
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Evidence involving imaging studies

Early studies of intact sign language processing have involved visual-half-field-me-
thods (McKeever et al., 1975; Manning et al., 1977; Corina et al., 1992; Grossi et al.,
1996; Panou & Sewell, 1984) and Wada-testing (Mateer et al., 1984). Recent
progress was made by imaging techniques such as Positron Emission Tomography
(PET) and functional Magnetic Resonance Imaging (fMRI). These techniques allow
detecting changes in regional Cerebral Blood Flow (rCBF) while a person is carrying
out a task, thereby uncovering those brain regions, which show increased activation
needed for the executed function. Soderfeldt et al. (1994; 1997) described similari-
ties in processing sign and sound language for hearing children of deaf parents, The
children were bilingual in Swedish Sign Language (SSL) and spoken Swedish. In the
experiment, they had to comprehend unfamiliar novel texts, which were either recei-
ved in video-taped spoken Swedish or in videotaped SSL. Both languages activated
classical language areas of the left hemisphere rather than right parietal regions as
was expected for signed texts by the authors.

MacSweeney et al. (2001) documented extensive activation of left Broca’s and
Wernicke’s area and their right homologues in deaf signers during the perception of
sign language sentences and single signs of British Sign Language (BSL). McGuire
et al. (1997) investigated the “inner signing” (mental imagery of signing) in five deaf
volunteers with primary competence in BSL. They demonstrated activation of left in-
ferior frontal cortex (Broca’s area). Again there was no activation in classical visual-
spatial areas of the right parietal cortex. Shibata & Zhong (2001) also examined the
inner signing and speech (sentence generation in American Sign Language (ASL)
and English stimulated by line drawings of objects) in bilingual deaf signers and he-
aring non-signers. They found dominance of the left inferior and medial frontal gy-
rus for inner signing in deaf participants. In addition they described activation in the
left perirolandic hand-area, which they interpreted as a “manual Broca’s area”.

Neville et al. (1998) documented the participation of classical language areas within
the left hemisphere for hearing speakers of English (non-signers), deaf native signers
of ASL and bilingual natives (spoken English and ASL). Subjects received sentences
and pseudo-lexemes in their respective native language. However, the language are-
as were not activated, when non-signers perceived signs, nor when deaf signers re-
ceived written English. This was interpreted as evidence for the linguistic system be-
ing only activated when participants processed stimuli of their respective native lan-
guage. As additional information, Neville and co-workers assessed for their deaf sub-
jects the grammatical competence in Standard English, which was examined through
pre-experimental testing. Comparing the test-results with the activations during the
fMRI examination revealed that those deaf subjects who scored high in the grammar-
tests (= high grammatical competence for written English) displayed left hemisphe-
re activation including Broca’s area and Wernicke’s area even for processing senten-
ces in written English whereas all deaf participants without left lateralisation for
written sentence-processing had scored very low in the grammar-tests. There is an
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obvious conclusion to these parallel findings. Activation of the left hemisphere lan-
guage system mirrored the participants’ grammatical competence for the language in
question,

Processing of written and signed lexemes: A Functional Imaging Study

In order to compare the processing of both language types, we studied the rCBF in
deaf and hearing subjects perceiving written and signed lexemes. By choosing writ-
ten rather than spoken stimuli we were able to keep the peripheral input condition for
the two language types as comparable as possible.

Subjects: The study included 10 prelingually deaf males, ranging in age from 22 to
43 years, with primary competence in DGS (= Deutsche Gebdrden Sprache/German
Sign Language). The control-group consisted of 10 hearing males, matched in age and
education, with no competence in DGS. All subjects were right-handed.

Methods: The tasks were the same for both groups: Hearing as well as deaf parti-
cipants were asked to read written words and to watch videotaped signs. The stimu-
1i were linguistically as parallel as possible in both tasks. We selected high frequent
concrete nouns with simple structure (no compounds) in both languages. In DGS all
consisted of non-transparent signs; in written German their length varied between
four and nine letters.

Imaging was done with a Philips 1.5 Tesla Gyruscan NT with standardized bird-
cage head coil using a multishot T2* weighted gradient echo EPI sequence with the
following parameters: TR = 3000ms, TE = 50ms, FA = 90°, FOV = 192, Matrix =
64x64, slice thickness = 5 mm, ISI = 3s, number of scans per run = 88 (+ 2 initial
dummy scans). Each scan consisted of 35 contiguous slices parallel to the AC-PC
line covering the whole brain without gap.

Image analysis was performed using statistical parametric maps (SPM99; Welcome
Department of Cognitive Neurology, London, UK; http://www.fil.ion.ucl.ac.uk/spm).
All images were realigned to the first image of each subject and normalized according
to Talairach and Tournoux (1988).

As scanning paradigm we chose a block design with alternating on- and off-pe-
riods. There were three sessions, each consisting of four on- and four off-periods. The
stimuli were projected via a mirror system onto a screen attached to the head coil. In
off-periods the subjects had to fixate a centred cross on the screen. There were three
experimental conditions (one condition per session): written lexemes flashed on the
screen as a whole, videotaped signs, written lexemes presented as running words.
The running word condition was chosen in order to control for the movement com-
ponent of signs. Therefore words were presented letter per letter running from the
right to the left with standstill on the screen until the whole word was assembled in
central position. In all three conditions - static written words, videotaped signs, and
running written words - the presentation time of each stimuli was approximately
three seconds.
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Results and Discussion: In both groups the visual perception of static words resul-
ted in an expected bilateral occipital activation of primary visual cortex (BA 17), bi-
lateral activation of occipito-temporal areas (semantic system) (BA 19/37), bilateral
activation of the frontal operculum (BA 47) and bilateral activation of the frontal eye-
field (FEF (Paus, 1996)) (BA 6/8) (Figures 1 and 2). Surprisingly, there was strong
activation in left Broca’s area (BA 45) in deaf participants only (Figure 2). As in most
previous studies, no involvement of Broca’s area was found for hearing subject.
Apparently, passive reading was not demanding enough. Activation of Broca’s area
was previously found only when the task implied conscious decision making such as
phoneme-monitoring, word-generation, word versus pseudoword decision or seman-
tic categorization (Price et al., 1994). Therefore we may assume for the deaf partici-
pants of our study that passive reading was rather demanding and required more
conscious linguistic processing than in the hearing group, which consequently acti-
vated Broca’s area. This interpretation implies left hemisphere dominance for (writ-
ten) language in the deaf subjects.

The high linguistic demands might be due to poor education and low familiarity
with written material. Another explanation comes from reports the participants gave
immediately after the experiment. Each participant was asked what kind of strategies
he used during the task. Nearly all deaf participants (nine out of ten) reported that
they had mentally activated signs when they perceived written lexemes. Therefore the
activation of Broca’s area might be due to inner signing. Independent evidence for
such activation can be found in previous studies (McGuire et al., 1997; Shibata &
Zhong, 2001).

Fig. 1°. Passive perception of written Fig. 2. Passive perception of written
lexemes (static presentation) in hearing lexemes (static presentation) in deaf
participants participants

For passive perception of signs, we found striking differences between the two
groups. Hearing participants showed extensive bilateral activation of occipital-tem-
poral and prefrontal areas (Figure 3). In deaf subjects the prefrontal activation was li-
mited to the operculum bilaterally and to Broca’s area (BA 45, left) (Figure 4).
Overall their left hemispheric activation pattern was similar although weaker to the
one found for reading static words, revealing left hemisphere dominance for langu-
age irrespective of language types. The weaker activation most likely reflects the fact
that perceiving signs is more natural and therefore less demanding for deaf signers.
The activation pattern in hearing participants reveals no lateralisation to Broca’s area
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(Figure 3). They showed extensive bilateral prefrontal activation reaching from fron-
tal operculum (BA 47) up to FEF (BA 6/8). Most likely, this reflects general problem
solving strategies, Apparently the hearing subjects tried to interpret the significance
of the signs by conceptual guessing®, Therefore the bilateral occipital activation ex-
tended into temporal and - to a lesser degree - into parietal areas recruiting concep-
tual knowledge of the so called where- and what-system (Ungerleider & Haxby,
1994), In the deaf participants mainly superior and middle temporal areas were acti-
vated, stronger on the left than on the right, indicating that their processing was mo-
re focussed on the meaning of lexical items.

Fig. 3. Passive perception of sign Fig. 4. Passive perception of sign
lexemes in hearing participants lexemes in deaf participants

For dynamic words the activations found are very similar for both groups. Deaf as
well as hearing participants show bilateral activations in occipital areas extending in-
to parietal and temporal cortex as well as in prefrontal areas including Broca’s area
on the left (Figures 5 and 6). In comparison to static words and signs, the parietal ac-
tivation was more pronounced, possibly indicating more intensive programming of
spatial processing in this condition, No linguistic laterality was found in either group.
Apparently processing the motion features of this task was overriding the linguistic
demands.

Fig. 5. Passive perception of written Fig. 6. Passive perception of written
lexemes (dynamic presentation) in lexemes (dynamic presentation) in
hearing participants deaf participants

Conclusions

In summary, lesion data as well as imaging studies seem to support the assumption
that competent users of sign language undergo a linguistic analysis involving the left
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hemisphere when perceiving signs. In our own study we demonstrated specific acti-
vation of Broca’s area, which is in accordance with results of previous studies of sign
language processing (Ronnberg et al., 2000). Most strikingly we were able to show
activation of identical linguistic networks for processing signs and written words in
the brain of deaf signers. Similar activation patterns were previously reported for he-
aring subjects when lexical decision-making was required (Price et al.,, 1994)
Broca’s area is always crucially involved. Thus, passive perception of both written
words and signs seems to demand more active involvement in deaf subjects than pas-
sive word reading in hearing subjects.

Overall these findings clearly contradict the assumption of the auditory-input-hy-
pothesis. Left hemisphere dominance does not seem to be determined exclusively by
the oral-auditory route. Future research will have to clarify to what extend a linguis-
tic predisposition of the left hemisphere has to be assumed or whether there are ot-
her options for the development of the specialization of the left hemisphere for lan-
guage processing. The need for transmodal processing and convergence is certainly
decisive for both, sound and sign language activities. Whether this is linked to spe-
cific verbal processing demands as assumed by the predisposition-hypothesis or to
general non-verbal demands as postulated by the motor- and the temporal-proces-
sing-hypothesis remains to be seen. Our data demonstrate that the left perisylvian
sound language system is also recruited in deaf signers for lexical recognition despi-
te the lack of auditory input.

Nederlandse samenvatting

Het bestaan van een taaldominante hemisfeer lijkt een basisgegeven binnen de psy-
chologie van de mens. Enerzijds zou dit in verband gebracht kunnen worden met een
supramodale representatie van natuurlijke taalsystemen, anderzijds kan een trans-
modale verwerking van taalsystemen en een convergentie van de verschillende mo-
daliteiten een basisvoorwaarde zijn van menselijke taal en spraak. Het feit dat geba-
rentalen en gesproken talen op verschillende modaliteiten gebaseerd zijn (de visueel-
spatiéle voor gebarentalen en de oraal-auditieve voor gesproken talen) geeft ons de
kans dit probleem aan de orde te stellen door een vergelijking te maken tussen de
neuro-functionele substraten van beide taalsoorten. Empirische evidentie kan worden
ontleend aan studies over afatische gebarentaal en aan imaging-studies over de ver-
werking van gebarentaal bij een intact taalsysteem. Tot nu toe rapporteren de mees-
te studies een dominantie van de linkerhemisfeer voor intacte en aangetaste geba-
rentaalfuncties. De empirische evidentie lijkt zo de hypothese te verwerpen dat taal-
dominantie alleen athankelijk is van de oraal-auditieve modaliteit. Wij presenteren
hier een nieuwe vorm van bewijsvoering afkomstig uit een imaging-studie over de
waarneming van geschreven en door gebaren aangegeven lexemen bij dove en ho-
rende proefpersonen.
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Notes

1 Tt is worth to note that the predisposition hypothesis is motivated independently
of the issue of sound and sign language: Language dominance in hearing subjects
is not restricted to processing of speech alone but extends to written language pro-
cessing as well, Damage of the left perisylvian language networks in hearing with
competence in speech and written language regularly results in impaired proces-
sing of both language modalities. Furthermore, aphasic error patterns typically
show supramodal features.

2 The stimuli varied across the studies in terms of movement. While early VHF-stu-
dies used static drawings of single signs as stimuli in the latter studies moved
signs were chosen. Poizner and Kegl (1992) discussed this component to be respon-
sible for the opposing results.

3 Apraxia without aphasia was reported in rare cases, mainly after right hemisphere
lesion (Papagno et al., 1993).

4-We-chose non-transparent signs-in-order to-prevent the participants from-concep-
tual guessing. Transparency of signs was evaluated in a pilot study. We presented
249 single DGS-signs to a group of 20 hearing subjects with no competence in sign
language. They had to guess the meaning and rate their confidence in interpreting
the sign on a five-point-scale separately for each item. A score of 1 denoted no
transparency, a score of 5 high transparency. As an additional condition we showed
the same signs to a small group of hearing controls familiar with DGS. They had
to classify the signs into high, middle or low transparent signs. The signs that
were eventually chosen as stimuli for the fMRI-study had to pass two criteria: First,
they had to be scored 1 or 2 by at least 95% of the first group. Second, they had to
be classified by all participants of the second group as low transparent signs.

5 All images show contrasts of activation versus rest-condition. In each figure the
right hemisphere is represented on the left side and the left hemisphere on the
right side. Significant activations are represented in red and yellow (SPM evalu-
ation: cluster size = 5 voxels; p = 0.005, uncorrected).

6 Indeed all hearing subjects reported conceptual guessing when asked about their
associations and strategies immediately after scanning,
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