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CLUES TO
THE NEUROBIOLOGY
OF LANGUAGE

Ursula Bellugi and Gregory Hickok

g0 the Decade of the Brain, we stand at a new frontier in our
ability to understand the biological foundations for language
B.and other higher cognitive functions. The techniques currently
available are powerful and exciting, as well as rapidly expanding. A
number of techniques that were simply not available a decade ago
permit us to gain precise information on the neural systems that
subserve cortical functions by eavesdropping on brain structure and
brain function. New studies using functional imaging (positron
emission tomography, or PET among others) are telling us where in
the brain linguistic and cognitive processing takes place on-line;
new techniques using three-dimensional reconstruction of ragnetic
resonance images (MRD now allow us to visualize directly the kv~
ing brain as if we were holding it in our hands.

This three-dimensional computer reconstruction can be
sliced and resliced along any dimension an infinite number of
times, permitting quantitative morphological analysis in the normal
brain and precise localization of nonfunctional regions in the dam-
aged brain. Just recently, functional Imaging and MRI-derived three-
dimensional reconstructions have been integrated to give us
three-dimensional reconstructions of the living active brain while it
is engaged in cognitive activities. In the context of these and other
technological advances in the Decade of the Brain, we desceribe a
program of studies, illuminated by new techniques in brain imag-
ing, leading toward a deeper understanding of the neural systems
that subserve language and other higher cognitive functions.

Using a multidisciplinary approach we seek to gain insight
into the often inaccessible workings of the brain, studying unusual
languages and populations with differing cognitive and language
abilities. Most of what is known about language comes from the
study of spoken languages. In contrast, we have addressed dramati-
cally different languages: the visual forms of communication that
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have arisen outside of the mamstrean:% of spokencls.i?f:nif:sand
these studies, we investigate language, 1ts fonml' \aral esturai o
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o ch)leveloped among generations of deal people. American nlﬂg{e
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H}S Spnants of language organization. This research pr;gi‘; n
;zfrgi;es functional and structural brain imag[. ing andltjhe azpei :C_

experimental paradigms to determine ho?vv anguag :
(c;ii?:c‘f processed, and represented within the brain.

Perspectives from Language in a Different Modality

The central issues we address, namely brain orgar;;ann')nr; f:(i
janeuage and other higher cortical functions, have been }xmle e
o ew discoveries about the nature of ]anguage‘ itself.
o Somjnjtlil recently, most of the scientific understanding .of Ian;
B has come froxgx the study of spoken languages, cxperxmenta
i Co'eming the neural instantiation of language necess_anly
ﬁﬂdJI}gS cf Z(IDICHCUIOIJ‘IlgUiSﬁC systems only as they relate to aufiatoryl;
pel;ltajrfoneﬁc processing. In fact, the organizational proper!nes t;)
g fhave been assumed to be connected inseparably with the
1ﬂngUﬂgef Veech 1t has been assumed that the fact that lgnguage
éounds 01313‘3 okc;,n and heard determines the basic principles of
lgrammars nomlﬁl}; saiall as the organization of the brain for Ianguz}ge. Stuc_L
ies of braji organization indicate that the left cerebr?l hennsphfzre is
o O'QJJ':/: d for processing linguistic information in tbe auditory-
vocal ede~ thuIs) the link between biology and behavior has been
Yzecz;ﬁm;z v&;im thie particular sensory modality in which language
ed., ) )
- de‘fll;iugh evolution in humans has been for spo]:ien 11212~
e (there is no group of hearing people that has a sign I¢ -
o its primary linguistic system), recent researc_:hh into sig
ifgg:a;:s 1ha:f revealed the existence of primary linguistic systems

. . se.
that have devcloped naturally in visual/manual modalities. The

signed languages have all of the complexity of s;?km laing»:;ailei

' C tion of deaf people
d are passed down from one genera I :
Zth.arlmEortantly, these sign languages are not derxtx;td f;c:;ny athrz
angu ding community; rather,

ken: | age of the surroun . o

zi{thnomOus languages with their own gramma"ucal %:orx:n];3 }?;;iizcis
the sign language developed by deaf people in Great Bii
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mauttually incomprebensible with the sign language developed .
among deaf people in the United States. The existence of these vi-
sual/manual primary linguistic systems can provide a new perspec-
tive on the determinants of brain organization for language. How is
language organized when it is based instead on moving the hands
mn space and on visual processing? We can now investigate how the
brain is organized for language when language itself is instantiated
in space,

American Sign Language (ASL) exhibits formal structuring at
the same levels as spoken languages and the same kinds of organi-
zational principles as spoken languages. At the core, spoken and
signed languages are essentially identical in terms of rule systems,
Nevertheless, on the surface, signed and spoken languages differ
markedly. The formal grammatical structuring assumed in a vi-
sual/manual language is influenced deeply at all structural levels by
the modality in which the language is cast. ASL displays a complex
linguistic structure, but unlike spoken languages, it conveys much
of its structure by manipulating spatial relations, making use of spa-
tial contrasts at all linguistic levels.

In our research, we have been specifying the ways in which
the formal properties of language are shaped by their modalities of
expression, sifting properties peculiar to 2 particular Janguage mode

from more general properties common to all languages. As noted,
the most striking sutface difference between signed and spoken
languages is the relidhce on spatial contrasts, most evident in the
grammar of the language. Figure 1 shows some aspects of gram-
matical structure in ASL and its reliance on spatial contrasts. Instead
of relying on linear order for inflectional marking, as in English
(act, acting, acted, acts), ASL grammatical processes nest sign stems
in spatial patterns of considerable complexity, thereby marking
grammatical functions such as number, aspect, and person, Gram-
matically complex forms can be spatially nested, one inside the
other, with different orderings producing different meanings (figure
14). Similarly, the syntactic structure specifying relations of signs to
one another in sentences in ASL is also essentially spatially orga-
nized. Nominal signs may be associated with abstract positions in a
plane of signing space, and the direction of movement of the verb
signs between such endpoints macks grammatical relations. Pro-
nominal signs directed toward these previously established loci
clearly function to refer back to nominals, even with many signs
intervening (figure 1B). This spatial organization undetlying syntax
is 2 unique property of visual-gestural systems.
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neural systems subserving language. Consider the following: In
hearing/speaking individuals, language processing is mediated by
the left cerebral hemisphere, whereas visuospatial processing is me-
diated by the right cerebral hemisphere. But what about a language
that is communicated using spatial contrasts rather than temporal
contrasts?

On the one hand, the fact that sign language has the same
kind of complex linguistic structure as spoken languages and the
same expressivity might lead one to expect left hemisphere media-
tion. On the other hand, the spatial medium so central to the lin-
guistic structure of sign language clearly suggests right hemisphere
mediation. The answer to the question raised is dependent on the
answer to another deeper question concerning the basis of the left
hemisphere specialization for language. Specifically, is the left
hemisphere specialized for language processing per se (e, is there
4 brain basis for language as an independent entity)? Or is the left
hemisphere's dominance generalized to processing any type of in-
formation presented in terms of temporal contrasts?

If the [eft hemisphere is indeed specialized for processing
language itself, sign language processing should be mediated by
the left hemisphere just as spoken language is. If, however, the left
hemisphere is specialized for processing fast temporal contrasts in
general, we would expect sign language processing to be mediated
by the right hemisphere. The study of sign languages in deaf sign-
ers Permits us to pif the nature of the signal (auditory/temporal vs.
visual/spatial) against the type of information (linguistic vs. nonlin-
guistic) encoded in that signal as a means of examining the neurc-
biological basis of language.

We address these questions through a large program of stud-
ies of deaf signers with focal lesions to the left or the right cerebral
hemisphere, We investigate several tmajor areas, each focusing on
a special property of the visual-gestural modality 4s it bears on the
investigation of brain organization for language. We have now stud-
ied intensively more than twenty deaf signers with left or right hemi-
sphere focal lesions; all are highly skilled ASL signers, and all have
used sign as a primary form of communication throughout their
lives. Our subjects are examined with an extensive battery of experi-
mental probes, induding formal testing of ASL at all structural levels;
spatial cognitive probes sensitive to right hemisphere damage in
hearing people; and new methods of brain tmaging. This large pool
of well-studied and thoroughly characterized subjects allows a new
perspective on the determinants of brain organization for Janguage.
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not RHD. (B) Block design is impaired in RAD but not THD,

Left Hemisphere Lesions and Sign Ianguage Grammar
Qur first major finding is that only deaf signers with damage
to the left hemisphere show sign language aphasias. Marked im-
paimment in sign language after lefi-hemisphere lesions was found
in the majority of the left-hemisphere damaged (LHD) signers but
not in any of the dght-hemisphere damaged (RHD) signers, whose
language profiles were much like matched controls. Figure 2A pre-

94

s b SEPG ncmmmoiogy Of Ianguage

:lng}:l Zx:ijn-sentence deficits; they were completely unimpaired in
e ences and not one showed any hint of aphasia for s

' guage: (in contrast, however, to their marked nonlan o
tial deficits, described below). see spe-
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e b Afhian array of pictured objects and asked to pick
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Sp aged signers are significantly impaired relative to RHD

sﬁﬂ;{;t;st; of JIXSL processing at different structural levels, we found

et s :cfi:uc.ms between Ie: - and right-lesioned signers, with the

e heon signers mtllch like the controls, but the signers with
sphere lesions significantly impaired,

Right-Hemisphere Lesions and Spatial Processing

e OnT?;st: r?su]rs from Janguage testing contrast sharply with re-
of nonlanguage spatial cognition. The RHD signers are
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Figure 4. Neglect for spatial cognition but not. sign language in 2 rdght-lesioned signer.

block design task. Note the RHD signefs’ tendencies to break the
overall configuration of the design in the block design task and their
spatial disorganizarion, compared to LHD. Yet, astonishingly, these
sometimes severe spatial deficits among RHD signers do not affect
their competence in a spatially nested language, ASL.

‘The finding that sign aphasia follows lefi-hemisphere lesions
hut not right-hemisphere lesions provides a strong case for a

96

guage. These data suggest the feft hemisphere is
posed ff)r Ianguage itself, independent of lan.
hearing and speech are not necessary for the

Ej}ll?lz: vs. spnziial information) rather than the nanure of the sienal
I.€., spatial vs, temporal) determi & Oreanioar: s
brain for higher cogritive functions, RS the organization of the
Sign Language has been fo
S : und to be preserved in right-
lesioned signers. Signers with right hemisphere damage pr:sg;:t

tc:;; 1:; I;ira:wvmgs, where the left side is frequently omitted, Or ina
Characteijz-ﬁ Ctgﬁy are .asked to cross out all the lines on a page,’ they
o, et Y omit several lines on the left side of space (fgure

). The eft-field neglect shows up on almost afl visual tasks Suguh a

Remarkably, this does not hay i
- , 1ol € an impact on signing or on th
ability to understapd signing, which i unimpaired, Ingattention t:

Tight hemisphere dama
ge can have on core lin istic r
even when the language is essentially visuospatial, guistc functions,

87



een Affective a gulstic o
T between Affective and Ling '
ﬁi %i:;gg:gz‘nm Left and Right-YLesioned Deafl Sigfxefa o

Linguistic
1004 Affective S -.
00 . SsM
GbD 80 " Right Hemisphere
Left Homisphere 0 Camage
Damage a0

% onturahcs (relative preservation)

ight
Homisphora
N amage ‘Damage [B]
[ corttent
[Esabeortical [ subcartical
A GD {Left Hemisphere Damaged)

F SIGN CHARACTERISTICS
RATING SCALE O ! (CTERIST) ) . 7

MELODIC LINE m — %%ugh
an|
i aer%éut;% ;exprggslans ssnt?nca
ENGTH : : -
PRRASEL 1slgn 4 signs 73I§jn‘:
i - wer
ingalred atonly In ; ed
it \Ww e
GRAMMATICAL FORM : . ;
noAE limited to
avallable tociaratives and stered
PARAPHASIA IN
RUNNING SIGN : —
ooy oot o
SIGN FINDING : -
v 1 enal excluslve
U e i
SIGN COMPREHENSION

gt (=19 foel) (B G0 Gt g

Figure 5. The dissociation between linguistic and affective facial expression in left-
and right:leax‘onecl deaf signers.

B . - " SM (Right Hemisphere Damaged)
RATING SCALE OF SIGN GHARACTERISTIGS
1 2 3 4 5 6 7

MELODIC LINE

absént

H s?cleotypcd_:mrprmms sonl
PHBASE LENGTH i
1 slgn 4 sfuns 7 slghs
ARTICULATORY AGRITY | ‘
Hniys b H i
or mpa%lfgd ?ggﬂ%uggn? ln%’ gd
: and phirfases
GRAMMATICAL FORM :
L: ] H -
it
avglci?lglu daclarﬁ&l?m?%gdsiﬂlgemh
PARAPHASIA IN i :
RUNNING SIGN : :
i ;
T
SIGN FINDING i

SIGN COMPREHENSION :

Ina Iongﬁﬁmding controversy over the nature of aphasie
disorders, certain investigators have proposed a common underly-
ing basis for disorders of gesture and disorders of language. One

position is that disorders of language occyr as a result of more pri-

addition to an array of language tests, 2 series of apraxia tests was
administered to brain-damaged deaf subjects, including tests of pro-
duction and imitation of representational and nonrepresentational
movements. The right-hemisphere damaged signers were neither
aphasic nor apraxic.

Some strong dissociations emerged, however, between the
language and nonlanguage gesture and mOtor capacities of the lefi-
hemisphere damaged signers, most of whom were aphasic for sign
language. The language deficits of these signers, on the whole,
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were related to specific linguistic components of sign language
rather than to an underlying motor disorder. Nor were their lan-
guage deficits related to an underlying disorder in the capacity ©
express and comprehend symbols of any kind. Indeed, we found 2
dissociation in a left-lesioned signer in the expression and the
recognition of signs (which were impaired) contrasted with the ex-
pression and the recognition of symbolic: gestures and mime (which

were preserved).
Converging evidence comes from a study of signers and

nonsigners without brain damage in which we compared lateraliza-
tion for three different types of gestuses: signs of ASL, symbolic ges-
rures that are not part of a linguistic system, and arbitrary
nonlinguistic gestures. Our results indicate left-hemisphere special-
ization for both sign and speech in hearing signers, and for sign in
deaf signers, but not for arbitrary or symbolic gestures in either
group. Thus, we find distinctions between motoric, symbolic, and

linguistic communication in signess.

Affective and Linguistic Facial Expressions

Investigation of brain organization for sign Janguage has fo-
cused primarily on the manual signs. However, there is another
layer of structure of sign language that can afford special clues to
the basis of hemispheric specialization, namely facial expressions,
In ASL, facial signals function in two distinct ways: (1) Specific fa-
cial expressions have arisen as a part of the grammar, Co-oCCUIng
with manual signs, and are used to signal grammatical constructions
such as relative clauses, conditionals, topics, and so forth, and (2)
for signers facial expressions can convey affective information just
as facial expressions typically do with hearing non-signess.

Generally, studies of hearing subjects have shown that affec-
tive facial expression is mediated by the right hemisphere, but our
rescarch with deaf signers suggests that not all facial expressions
are treated alike by the brain, Interestingly, we have found dissocia-
sions between left- and right-lesioned signers in terms of produc-
tion of the two different functions of facial expressions. A
right-lesioned signer was far more likely to produce linguistic facial
expressions where required but showed a clear tendency to omit
affective facial expression where expected. In contrast, two left-le-
sioned signers, who are aphasic for sign language but still produce
complex ASL sentences, showed precisely the opposite effect, with
full use of affective facial expression present throughout, but with
frequent omissions of linguistic facial expressions where required
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frequent omissiong éf liggiis i
s ngz of ‘.Lngulsuc facial expressions where required
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) portant findings, since presumab
ﬂ;sa;n;mzl‘usc‘u.lar systern is involved. Thus, one cannci (:trclzoafn(i tfbe
et tu;g.f, in tel':rns of weakness of facial muscles but rather o
fecﬁvenf o?althem in terms of dissociation between linguistic and u?
o m;:cg -e?xpresszons. Like the processing of spatial rel.ettic:a1 :
e 2 i asis for [?rocessing facial signals appears highly d o
e Sion e type of ?nfozmation encoded in the signal. ngms:gim
ol e gﬁfnalgnsa;rzr zx;d;a;z;[ezybﬂle left _heﬂﬁsphere, whereas affecti\i;
— Yy the right hemisphere in these deaf
These results show that linguistic i
o _ inguistic information and i
Em\f:m étl:fdoeam}a?on are mediated in qualitatively distinct \':vay;1 i?lnlt?e_
Cegsr‘amsmg o mis;}gners. Not only does this cleavage show up in pro-
guistic versus nonlinguistic spatial relations but alsclj in

perceptual attention and i .
cial expressions. production of two different classes of fa

Chtl now e v e 1 SPPing i AST

. , e spatial o izati
‘ ‘ o‘ encode syntactic information suc :
BT e

: 8 prane of signi

;Z ;)gj;zc;s\;d t%f_ts Syntactic use, space in AEISJL fungéosrlinfr:gasff;:—.
e y.in .e ts‘t;afe plane of signing space also may be used in
e bipusg:i t is, Fhe space within which signs are articy-
i e r‘t:; g‘escnbe the layout of objects in space. In such
- acma;l’s et atons among signs correspond topographically
o represefmn re ;thnS among the ohjects described, as opposed
e porosen. wf afr }Uary grammatical information. We investigate
patai Organizc; dtwo uses of space within sign language, one for
el e anize: A;}If‘nta‘x and the other for directly representing
e ting d b. Right- and left-lesioned deaf signers provide
ol s Thons chween processing spatial syntax versus spa-
2 compj(;ncee;ie Asstibjszc;ts Wse;re1 tiivendtests ciesigned to probe

) : and spatial i
;fﬁsizlgt g‘il?ercombmed results on the spatialspsyntaxotggtﬁr?gue;lﬁ;
e Sigmﬂcazréce:.s be‘zt.ween the two groups: leftlesioned signers
o performancz; gfaued on synmx tests, but rightJesioned sign-
Contaiont 5 not dasunglulshable from normal controls.
¥, on the tests of spatial topographic processing, right-

101



gure Iesio n,snuced by Brainvox (Damasio and Frank, 1992,
courtesy of A. and H. Damasie).

Breakdown of the Use of Topological Space Following Right Hemisphere Damage
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Figore 7. Disorganization in spatial mapping in right-lesioned signer,
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Clues to the Newrobiology of. Langrage

lesioned signers revealed significant deficits, whereas left-lesioned
signers performed well.
A powerful example of the dissociability of spatial syntax

a description (unlike some of our normal controls), but she com-
pletely fails in placing these objects in correct spatial locations in
the signed story. Comntro] subjects correctly located neatly all the
ftems remembered from the story, whereas our subject correctly lo-
cated only about a third of the items remembered. The recon-
structed layout of the signed description of a dentist's office is
illustrated in comparison to the ASL description in the experiment
in figure 7. This sighed description shows 2 marked spatial disorga-
nization of elemer%fts. within the room; the subject incorrectly speci-
fied the orientatiof and Iocations of iters of furniture but tended 10
lump all of the furniture in the center of the room, thus showing
marked impairment in spatial mapping in ASL. Thus, even within
signing, the use of Space 1o represent sprtactic relations and the
use of space to represent Spatial relations may be differentially af-
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guage areas were rendered inoperative, caused a marked aphasia
in both English and ASL. The patient’s signing was markedly jm-
paired, with many incorrect sign tesponses and sign neologisms.
Interestingly, since she was hearing and could sign and speak at
the same time, it was possible to compare her responses in two
languages simultaneously—a unique possibility for languages in dif.
ferent modalities. This result revealed a frequent mismarch between
word and sign, the sign being frequently incorrect both in meaning
and in form (figure 9). Subsequently, the patient had the anterior
portion of her right temporal lobe surgically removed (figure 10,
Analysis of her language after the surgery revealed no impairment
of either English or sign language. These findings further support
the notion that the left cerebral hemisphere subserves language in a
visuospatial as well as an auditory mode.

Techniques using cortical stimulation mapping and single-
unit recording in a hearing signer, in a collaborative study with Oje-
mann, provide converging evidence. This approach allows us to
contrast spoken and signed labguage neural systems within the
same individual, During a left frontotemporoparietal craniotomy
under local anesthesia, the subject was tested for both language
modalities. The results showed some sites which differentiated sign
from spoken word naming and cornprehension, Single unit activity
also was recorded, results suggesting that in this individual some
sites representing sign versus word may turn owt to be different
within the left hemisphere. These converging results, taken to-
gether, providejyé‘tfong evidence for the linguistic specificity of left-
hemisphere specialization for language. The evidence so far does
70t suggest that the neural systems subserving the two languages
will tum out to be precisely the same.

We are investigating differences as well as similarities be-
tween the neural systems subserving signed versus spoken lan-
guage. Our growing database of deaf and hearing signers,
combined with powerful new techniques in brain imaging, allows
us to explore within the cerebral hemisphere neural systems sub-
serving signed and spoken language. We now are beginaing to
amass evidence that suggests both some central commonalties and
some peripheral differences between the neural systems underlying
signed and spoken languages. Patterns of language breakdown and
preservation in left- as opposed to right-tesioned signers lead us 1o

preserved langnage function, it appears that the left cerebral hemi-
sphere is specialized for sign language. Thus, neural systems within
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the left hemisphere emerge as special-purpose linguistic processors
in individuals with profound and lifelong auditory deprivation and
who communicate with linguistic systems that use radically differ-
ent channels of reception and transmission from that of speech. Tn
this cricial respect, brain organization for language in deaf signers
parallels that in hearing, speaking individeals.

Our data further suggest that differential damage within the
left hemisphere produces different forms of sign language aphasia.
We are working on the possibility that anatomical structares within
the left hemisphere that subserve visual-gestural language differ in
part from those that subserve auditory-vocal language. We now are
mapping out the differences between spoken and signed language
neutal systems within the left hemisphere which may arise from the
nature of the different visual input pathways and manual output
pathways. Several left-lesioned signers exhibit sign language
aphasias from lesions to systems that would not be expected to

lead to language disruption in spoken language.

Language, Modality, and the Brain

Nonetheless, the similarities between signed and spoken
language in interhemispheric organization are most revealing,
These studies of language in a different modality show that the left
cerebral hemisphere in humans is specialized for signed as well as
spoken languages. Not only does this finding provide a striking ex-
ample of neuronal plasticity, but it also suggests an innate biologi-
cal basis for that unique human capacity: language.
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