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In this paper we present the background, development
and application of a functional systems approach to
understanding verbal-motor integration characteristic of
persons with Down syndrome. Based on our initial work
utilising noninvasive, neuropsychological procedures,
we have forwarded a specific model of brain-behaviour
relations in persons with Down syndrome. The crucial
characteristic of the model is the proposed functional
disconnection of brain areas responsible for speech
perception and movement organisation. In addition to
describing the model, we summarize our recent work
designed to test, refine, and extend it.
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Introduction

Over the last ten years our laboratories at McMaster Univer-
sity, and more recently, Simon Fraser University and the
University of Alberta, have been actively engaged in re-
search concerned with cerebral organization in adults and
adolescents with Down syndrome. Our goal has been to
determine how patterns of brain organization unique to
Down syndrome may contribute to both the specific and
general information processing capabilities of individuals
with Down syndrome.

Much of what we know about brain-behaviour relations in
general comes from clinical studies involving people who
have suffered a stroke or a head injury which has damaged
alocalized area of the cerebral cortex. Since the late 1800s,
it has been recognized that in most right-handed people the
left cerebral hemisphere plays a special role in speech and
language. This is because left hemisphere brain damage is
much more likely to result in expressive (Broca, 1865) and
receptive (Wernicke, 1874) speech and language problems
(aphasia) than comparable right hemisphere damage. The
left hemisphere also appears to be specialized for the
organization and control of voluntary movement, including
speech movements. Thus, left hemisphere damage is more
likely to result in motor learning and motor control problems
(i.e., apraxia; see Roy, 1985 for a review).

Although left hemisphere specialization for speech, lan-
guage and motor control was apparentto clinicians over 100
years ago, the left hemisphere is no longer referred to as the
“dominant” hemisphere by most neuropsychologists. Stud-
ies examining persons with right hemisphere brain damage
indicate that these individuals are more likely to suffer
deficits in tasks that require the perception of the spatial
relations between objects in the environment (Jackson,
1958), object recognition (De Renzi, 1968) and selective
attention (Heilman and Watson, 1977). It also appears that
the right cerebral hemisphere may be involved in the per-
ception and expression of emotion (Ley and Bryden, 1979).
Thus, the right hemisphere also appears to regulate a
number of important functions.

In addition to the clinical investigations involving brain-
injured people, experimental neuropsychologists have de-
veloped a number of noninvasive techniques for examining
brain-behaviour relations in the intact brain. Our initial
interest in Down syndrome developed as a result of several
studies that employed a procedure referred to as dichotic
listening.

The dichotic listening paradigm is a noninvasive method for
examining cerebral specialization for speech perception.
Typically, participants are presented with pairs of letters,
digits, or words simultaneously to the right and left ears
through headphones. In what is termed a “free recall”
situation, the participants are asked to report every sound
they hear. Alternatively, a “selective listening” procedure
may be employed in which the participant is asked to report
sounds from one or the other ear. Regardless of the proce-
dure, most right-handed children and adults correctly report
more right ear items than left ear items. Because of the
contralateral or crossed nature of the major auditory path-
ways, this right ear advantage for the perception of speech
sounds has been taken to reflect left hemisphere speciali-
zation for speech and auditory language function.
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The majority of dichotic listening studies involving children
and adults with Down syndrome have reported quite differ-
ent results. Specifically, persons with Down syndrome usu-
ally display an atypical (i.e., reversed) left ear/right hemi-
sphere advantage for the perception of speech sounds
(Bowler et al., 1985; Elliott and Weeks, 1993; Hartley, 1981;
Pipe, 1983; Zekulin-Hartley, 1981, 1982; cf. Tannock et al.,
1984) regardless of the type of dichotic listening procedure
employed (Giencke and Lewandowski, 1989; see Elliott et
al., 1994 for a review). In a recent meta-analysis involving all
the published dichotic listening studies conducted with
persons Down syndrome, we found that (a) relative to other
people with mental disabilities, (b) relative to people without
disabilities, and (c) relative to a theoretical laterality index of
zero, children and adults with Down syndrome display a
reliable left ear (right hemisphere) advantage for the percep-
tion of speech sounds (Elliott et al., 1994).

These dichotic listening findings suggest that the trisomy 21
karyotype may carry with it a distinct pattern of cerebral
organization. Hartley (1982, 1986) and Pipe (1988) have
speculated that this atypical brain organization may be
responsible for some of the specific information processing
problems experienced by children and adults with Down
syndrome. For example, sequential language problems
(e.g., Ashman, 1982; Hartley, 1982) may result from indi-
viduals with Down syndrome relying upon right hemisphere
information processing systems that are not optimally or-
ganized for that type of task. The right hemisphere is often
characterized as a more parallel processor of information
(e.g., Semmes, 1968) and thus better equipped for more
holistic types of task such as space perception, but not
sequential types of tasks such as the perception and produc-
tion of language.

Our Research Programme

Toward A Neurobehavioural Model

Intrigued by the findings of reversed cerebral specialization
for speech perception, but also influenced by our own
backgrounds in kinesiology and human motor control, our
initial studies focused on cerebral specialization for the
organization and control of voluntary limb movements. Ap-
proximately 90% of the general population is right-handed
(Bryden et al., 1996). This characteristic is thought to be the
result of the fact that the distal musculature of the right hand
is almost exclusively controlled by the left cerebral hemi-
sphere (i.e., contralateral neural pathways) which seems to
play a special role in the organization of movement for both
sides of the body. That is, for most of us, the right hand has
direct access to the neural system that is most efficient at
selecting and timing the muscular forces that move the limbs
(Elliott and Chua, 1996). Right hand preference also ap-
pears to be the norm for the majority of persons with Down
syndrome, with estimates ranging from 75-85% (e.g., Batheja
and McManus, 1985; Elliott et al., 1994; Murphy, 1962;
Pickersgill and Pank, 1970). Our approach to studying
manual and presumably cerebral asymmetries in persons
with and without Down syndrome was to examine perform-
ance differences between simple tasks, since preference
can be influenced by a great number of social variables
(Harris, 1990).

In two initial studies, we had participants with and without
Down syndrome finger tap as rapidly as possible with the
index finger of the right and left hands (Elliott, 1985; Elliott

et al.,, 1986). Finger-tapping was chosen as a task because
rapid and consistent performance depends on the ability of
the contralateral cerebral hemisphere to precisely coordi-
nate muscular activity (i.e., the specification and timing of
muscular forces). Interestingly, we found that our partici-
pants with Down syndrome exhibited the same pattern of
performance as participants without Down syndrome. That
is, they were faster and, more importantly, more consistent
in the timing of their individual finger taps when tapping with
their right hand. Given the explanation for right hand supe-
riority, this type of finding indicates that, like most other
individuals, people with Down syndrome are left hemi-
sphere specialized for motor control.

We proceeded to perform two further studies on cerebral
specialization for motor control using a transfer of learning
paradigm that we again borrowed from the experimental
neuropsychology literature. This procedure is based on the
finding that intermanual transfer of training is asymmetric.
Specifically, when an individual practices a new motor task
suchas rapidly producing a specific sequence of key presses
with one hand, there is a certain degree of transfer of training
to the other hand. In this situation however, the pattern of
transfer of learning is asymmetric, with more transfer of
training from the left hand to the right hand than the reverse
(Hicks, 1974; Taylorand Heilman, 1980). Taylor and Heilman
(1980) have suggested that this asymmetry in transfer of
training is due to left hemisphere specialization for motor
control. The notion is that when the left hand is actively
practicing the motor task both cerebral hemispheres mustbe
involved - the right hemisphere because it controls the distal
musculature for the left hand, but also the left hemisphere
because of its specialized role in movement organization.
This situation leads to greater transfer of training than when
the right hand is active since in this latter situation only the
lefthemisphere is required to be active. For our purposes this
experimental approach seemed ideal for examining cer-
ebral specialization for motor control in adults with Down
syndrome.

In our experiments we had individuals with and without
Down syndrome learn a rapid finger sequencing task with
either the right or the left hand. After practice, we examined
how much of that training had transferred to the unpracticed
hand. Both groups of participants exhibited more transfer of
training if they were trained with the left hand. Given Taylor
and Heilman’s (1980) explanation of asymmetric transfer,
this finding again suggests that persons with Down syn-
drome are left hemisphere specialized for the organization
and control of movement.

The neural systems that are responsible for the organization
and control of movement are thought by some investigators
(e.g., Kimura, 1979) to be the same systems that underlie left
hemisphere specialization for speech production and per-
haps expressive language function in general. That is, the
left cerebral hemisphere appears to be responsible for the
precise motor control necessary for the complex movement
transitions in gestural and spoken language. This of course
creates a bit of a paradox for persons with Down syndrome,
who appear to be right hemisphere specialized for speech
perception, but left hemisphere specialized for the organi-
zation and control of movement. Our next challenge then
was to attempt to examine cerebral specialization for speech
production in persons with Down syndrome. Once again, we
borrowed an experimental paradigm from the neuropsycho-
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logical literature.

In this study, we (Elliott et al., 1987) asked young adults with
and without Down syndrome to finger-tap as rapidly as
possible with the right and left index fingers. In one situation
they performed the finger-tapping task while also speaking
aloud. This simply involved participants repeating a series
of high frequency words that they heard through head-
phones. Typically, for mostright-handed people the concur-
rent speech interferes with right hand, but not left hand,
finger-tapping performance (Kinsbourne and Hicks, 1978).
This pattern of performance is thought to occur because the
neural structures responsible for right hand motor control
and speech production both reside in the left cerebral
hemisphere, creating within-hemisphere interference. When
the left hand is tapping, the areas of the brain responsible for
left hand performance (i.e., right hemisphere) and speech
production (i.e., left hemisphere) are functionally distant
(Kinsbourne and Cook, 1971; Kinsbourne and Hicks, 1978).
Our goal of course was to gain some understanding of
cerebral specialization for speech production by examining
the pattern of interference for our participants with Down
syndrome. Because, like most right-handed individuals,
right-handers with Down syndrome exhibited greater dual
task interference when performing with the right hand, it
appeared that as a group they are also left hemisphere
specialized for speech production (Elliott et al., 1987; see
also Piccirilli et al., 1991). While this finding is consistent with
findings indicating left hemisphere specialization for motor
control, it is extremely interesting in view of the dichotic
listening findings indicating that persons with Down syn-
drome appearto be right hemisphere specialized for speech
perception.

A Model of Functional Cerebral Organization for
Down syndrome

Based on the findings that young adults with Down syn-
drome exhibit anomalous right hemisphere specialization
for speech perception, but that the left hemisphere appears
to play a special role in the organization and control of
movement, including speech movements, we developed a
specific neurobehavioural model to guide our research
(Elliott and Weeks, 1993; Elliott et al., 1987b; Elliott et al.,
1994; Weeks and Elliott, 1992). The main feature of our
model is the apparent dissociation or disconnection of
speech perception (right hemisphere) and movement pro-
duction, including the production of speech movements (left
hemisphere) in persons with Down syndrome. Drawing on
a number of cognitive and psychometric studies which
indicate that persons with Down syndrome have particular
difficulty performing a variety of tasks that require both the
perception of speech sounds and the production of complex
oral or manual movements (e.g., Ashman, 1982; Hartley,
1986; Mahoney et al., 1981), we suggested that there is a
cost associated with this particular pattern of brain organi-
zation. In summary, we proposed that the “separation of
perception and movement production systems leads to a
breakdown in communication, presumably because inter-
hemispheric transmission between these systems results in
the partial loss of information” (Elliott and Weeks, 1993, p.
104). Our model is illustrated in Figure 1.

It is one thing to fit existing evidence to a model of brain-
behaviour relations. It is quite another to conduct experi-
ments that are designed specifically to test particular as-
pects ofamodel. One prediction of our model is that persons

Figure 1. A model of functional cerebral organization in
persons with Down syndrome.
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with Down syndrome will have difficulty, relative to persons
of a similar mental age, performing oral or manual move-
ments on the basis of verbal direction. They should have no
such difficulty if the directions are provided visually. Adapt-
ing a battery developed by other investigators (De Renzi et
al., 1966; Kools et al., 1971) to examine a set of movement
disorders termed apraxia, we set out to test this explicit
prediction.

Evaluation of the model

In two different studies (Elliott and Weeks, 1990; Elliott et al.,
1990), we had adults of a similar mental age, with and
without Down syndrome, perform individual movements or
movement sequences on the basis of verbal instruction or
following a demonstration. The manual movements in-
cluded actions such as “clap your hands” and “put your
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finger in your ear”, while the oral movements were actions
such as “buzz like a bee” and “blow out a match”. While the
participants with Down syndrome performed as well as and
sometimes better than the other participants following a
demonstration, they had greater difficulty performing the
same movements on the basis of verbal instruction. Moreo-
ver, the difference in their verbal versus demonstration
performance became more pronounced as the length of the
movement sequence was increased. This problem with the
verbal-motor condition did not appear to be due to speech
comprehension or memory for the verbal instructions, be-
cause when participants with Down syndrome were asked
to point to pictures of a research assistant performing the
same movements, they performed as well as the control
group. As our model predicts, the problem appears to be in
translating the verbal instruction into the appropriate se-
guence of movements.

Although it is tempting, when asked about the practical
implications of our findings, to state that persons with Down
syndrome should be taught novel motor tasks with a great
deal of visual demonstration and very little verbal instruction,
these inferences about motor learning based on perform-
ance findings do not necessarily hold true in all situations.
In the motor learning literature, there are many examples of
instructional techniques and/or schedules that benefit per-
formance in the short-term while actually proving to be
detrimental to long term retention (see Salmoni et al., 1984
forareview). With thisinmind, we (Elliottetal., 1991) decided
to conduct a study in which we taught groups of participants
with and without Down syndrome a novel motor task using
a verbal instructional protocol.

A group of adults with Down syndrome as well as control
groups with both a similar chronological age and a similar
mental age were taught a novel movement sequencing task.
The task involved moving the preferred hand from a start
position to a lever that they had to shift to the right, a
headlamp switch thatthey had to pull and a dial thatthey had
to turn to the left. Before each trial the participants were
verbally told the activities they were to perform and the order
of these activities. Following an auditory signal they were to
complete the sequence of movements as rapidly as possible
in the appropriate order. Although participants in all three
groups improved at the task with practice, the participants
with Down syndrome had more difficulty with the task than
participants in the other two groups during a retention test
when the verbal cues were withdrawn. They were particu-
larly slow at initiating the movement sequence suggesting
that they had difficulty internalizing the verbal instructions
that were available during acquisition, but withdrawn for the
retention test. While we need to conduct a similar study in
which the instructional mode is visual, this study at least
suggests that the verbal-motor problems experienced by
persons with Down syndrome in tests of motor performance
generalize to motor learning.

In a recent study, one of our students (Le Clair and Elliott,
1995) attempted to identify the locus in the information
processing chain of events that gives rise to the verbal-motor
difficulties that appear to affect both motor performance and
learning. Adult participants with and without Down syn-
drome attempted to initiate and complete one of two target-
aiming movements as rapidly as possible when a visual
signal identified the specific movement to be made. In a
control condition the two movements were equally probable

(i.e., p = .50). In another condition participants were given
either visual or verbal advance information about which
movement was likely to be required. The advance informa-
tion was reliable 80% of the time. On 20% of the trials it was
invalid and the unexpected movement was required. While
all participants were able to benefit from the advance infor-
mation when it was presented visually (i.e., they were faster
at initiating and completing their movements), the partici-
pants with Down syndrome did not benefitto the same extent
as persons without Down syndrome when the advance
information was presented verbally. Because they were
slower at initiating their movements in the 80% verbal
condition, itappeared that participants with Down syndrome
have difficulty preparing a specific movement on the basis
of verbal instruction. Paradoxically, on the trials in which the
verbal information was invalid (p = .20), the participants with
Down syndrome were just as disrupted as the other partici-
pants (i.e., slower at initiating and completing the movement
than in the control condition). Thus, it appeared that while
individuals with Down syndrome attempt to employ the
verbal advance information to improve their performance,
they are unsuccessful in doing so.

In the studies we have discussed thus far, we adopted a
group differences approach in which we compared a group
of participants with Down syndrome to other individuals of a
similar mental and/or chronological age. Certainly, in any
cognitive or perceptual-motor task there is at least as much
variability within a group of persons with Down syndrome as
there is variability between groups. Because our model is
based on a dissociation between speech perception and
movement organization, it follows that individuals with Down
syndrome who display the greatest degree of functional
separation between these two subsystems should also
exhibit the most pronounced difficulties on tasks that require
movement organization on the basis of perceived speech.
Therefore, in a subsequent test of our model we (Elliott and
Weeks, 1993) used a dichotic listening procedure to obtain
an index of cerebral specialization for speech perception
(i.e., alaterality index) and then attempted to determineifthe
degree of right hemisphere advantage was related to ver-
bal-motor processing performance.

As in previous studies we were able to demonstrate that
participants with Down syndrome exhibited a left ear/right
hemisphere advantage for the perception of, in this case,
pairs of digits. On a variation of the apraxia battery discussed
earlier, our participants with Down syndrome again had
difficulty in performing one, two and three element move-
ment sequences on the basis of verbal instruction, but not
demonstration. From an individual differences perspective,
the important finding in this study was a moderate but
statistically significant relation between the dichotic listen-
ing laterality index and the verbal portion of the apraxia
battery. Specifically, those individuals with Down syndrome
exhibiting a greater degree of right hemisphere specializa-
tion for speech perception tended to do more poorly in
organizing movements on the basis of verbal instruction.
There was no apparent relation between the dichotic scores
and the apraxia battery for people without Down syndrome.
Thus, once again we have some modest support for our
model.

In addition to the dichotic listening test and the apraxia
battery, we (Elliott and Weeks, 1993) also had participants
complete a series of tests taken from the Raven’s Coloured
Progressive Matrices (Raven, 1965). This test involves visual
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pattern discrimination and has been suggested to tap what
is typically regarded as right hemisphere visual-spatial
function (see Costa, 1976 and Denes et al.,, 1978 for a
discussion of right and left hemisphere involvement). An
interesting finding in this study was that the persons with
Down syndrome who had the most pronounced right hemi-
sphere dichotic advantages performed poorly onthe Raven’s.
This suggests that there may be a cost for the development
of right hemisphere language function; that is, the more
typical right hemisphere visual-spatial function may suffer.

In summary, while persons with Down syndrome appear to
berighthemisphere specialized for the perception of speech
sounds, they show the same pattern of cerebral specializa-
tion as the general population for the organization and
control of movement, including speech movements. This
functional separation of two systems that are usually
subserved by the same cerebral hemisphere (i.e., the left
hemisphere) appears to lead to difficulty in performing tasks
that involve the intimate interaction of the two systems.
Presumably, there is a loss of information due to interhemi-
spheric communication. Moreover, the development of right
hemisphere receptive language in persons with Down syn-
drome may influence more than just verbal-motor behav-
iour. Specifically, it may have an impact on visual-spatial
processing normally subserved by the right cerebral hemi-
sphere.

Refinement and Extension of the Model

In several recent studies we have attempted to extend our
understanding of brain-behaviour relations in persons with
Down syndrome to right hemisphere spatial function, and to
language function in more than just the auditory modality.
The examination of spatial function was initially motivated by
the relation we observed between dichotic listening scores
and performance on the Raven’s Coloured Progressive
Matrices (Elliott and Weeks, 1993).

Spatial processing in individuals with Down syndrome
As discussed earlier, most people, including individuals
with Down syndrome, perform tasks that require the precise
timing of muscular forces (e.g., finger-tapping, finger-
sequencing) better with their right hand than their left hand.
However, there are manual tasks that right-handed people
can perform better with their left hand. For example, people
typically can make spatial judgments of orientation (Benton
et al., 1978), match nonsense shapes (Witelson, 1974) and
reproduce spatial positions (Roy and MacKenzie, 1978; see
also Carnahan and Elliott, 1987) better with the left hand
than the right hand. Presumably this left hand advantage is
related to a right hemisphere proficiency at more holistic/
spatial processing (i.e., crossed sensory and motor path-
ways).

In a recent study, we (Elliott et al., 1995) attempted to
examine cerebral specialization for spatial processing in
adults with Down syndrome by having them perform a
bimanual tactile matching task. Previous work has shown
this task to yield a left hand/right hemisphere advantage
(e.g., Witelson, 1974). Participants with and without Down
syndrome were presented with a pair of rubber shapes and
were required to simultaneously manipulate these shapes
without visual feedback available, afterwards matching the
pair from a display consisting of 6 shapes. Results revealed
similar patterns of asymmetry between the participants with
Down syndrome and the control participants. In particular,

left handed participants with Down syndrome exhibited a
significant left hand advantage for the task.

In a second experiment (Elliott et al., 1995), we examined
asymmetries in visuospatial processing. Previous work us-
ing visual field presentations have revealed that presenta-
tion of spatial stimuli to the left visual field leads to more
effective processing than presentation to the right visual field
(e.g., Kimura, 1966; Umilta et al., 1974). This visual field
asymmetry is thought to reflect the differential processing
capability of the contralateral hemisphere that has initial
access to the information. There has been little work done
with populations with mental disabilities using this method-
ology due to a requirement of the visual field protocol in
which participants must fixate a central position prior to
stimulus presentation. Persons with mental disabilities have
difficulty following fixation instructions. We attempted to
circumventthis problem by adaptingamethod developed by
Smith and colleagues (1986).

Using their two index fingers, our participants moved a
mouse on a graphics tablet in order to displace a cursor
presented on acomputer monitor onto a smalltargetlocated
centrally on the monitor. At the moment the cursor entered
the target, the stimulus was presented. Thus, the target
served as a fixation point, and we assumed that the partici-
pant had to maintain fixation of the target in order to accu-
rately centre the cursor. This method was used to examine
visual asymmetries in a dot enumeration task. Participants
were briefly presented a set of 2 - 6 dots, randomly arranged
within a circular space, either to the left or right of the fixation
target. Participants reported the number of dots they saw. We
found that both participants with and without Down syn-
drome displayed a left field advantage in this task (Elliott et
al., 1995). Once again, this type of asymmetry is taken to
reflect right hemisphere superiority for processing spatial
relations.

Thus, for both the tactile matching task and the visual field
dot enumeration task, participants with Down syndrome
displayed similar patterns of asymmetry compared to age
matched control participants. This suggests that, like people
without mental disabilities, most persons with Down syn-
drome are right hemisphere specialized for the processing
of spatial information. We find little evidence to suggest that
persons with Down syndrome exhibit syndrome specific
peculiarities with respect to cerebral lateralization for spatial
function. Consequently, if both receptive speech and visual-
spatial processing are subserved by the right hemisphere in
individuals with Down syndrome, it is the former type of
processing that is most compromised. Thus, contrary to the
general “reversed cerebral specialization model” proposed
by Hartley (1981, 1982) our work, in concert with the dichotic
listening studies, has supported the position that atypical
cerebral organization of function in persons with Down
syndrome is confined to speech perception.

Language processing inindividuals with Down syndrome
Although we have obtained support for our model, the
expression of the functional dissociation has been limited to
the auditory perception of linguistic material. Therefore, in a
second pair of experiments, we (Weeks et al., 1995) ex-
tended our investigations of speech perception and exam-
ined whether the atypical specialization for receptive lan-
guage in persons with Down syndrome is limited to the
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auditory modality, or can also be extended to haptic and
visual perception. We used similar methods as in our exami-
nations of spatial processing.

As we have discussed, many of the findings on which our
model is based have been obtained from studies employing
dichoticlistening. Therefore we wanted to employ tactile and
visual analogues of the dichotic listening task. Witelson
(1974) has provided a task that can serve as a tactile
equivalent to dichotic listening. In separate experiments
participants were either required to feel pairs of nonsense
forms or letters and later select (nonsense form) or recall
(letters) items that had been felt. A left-hand/right hemi-
sphere advantage was observed for the nonsense forms
task and a right-hand/left-hemisphere advantage was ob-
tained for the letters task (Witelson, 1974). Similarly, Gibson
and Bryden (1982) used shapes and letters cut from sand-
paper that were moved slowly across the participant’s fin-
gertips. Stimuli were presented in pairs and participants
were cued as to which stimulus to reportfirst. Consistent with
Witelson’s (1974) findings, letter identification was superior
with the right hand whereas shape identification was supe-
rior with the left hand. The implication of these data is that
participants with left hemisphere specialization for receptive
language will demonstrate a right-hand advantage for tac-
tually presented linguistic material (Cioffi and Kandel, 1979;
Varga-Khadem, 1982).

We employed this tactile methodology to examine cerebral
specialization for receptive language in the tactile modality
in individuals with Down syndrome (Weeks et al., 1995). Our
interest was to determine whether individuals with Down
syndrome would exhibit a right-hand advantage or a re-
versed advantage as they do for dichotic listening. We
presented participants with pairs of shapes that corre-
sponded to letters. Participants simultaneously manipu-
lated the letter shapes and attempted to identify the corre-
sponding pair of letters from a display of 6 letters. Our
participants with Down syndrome exhibited a left hand
advantage on this task. The control group did not manifest
any manual asymmetries.

Although one might initially expect a right hand advantage
for this task (e.g., Witelson, 1974), our observation of a left
hand advantage lends itself to an interpretation consistent
with the features of our model. Specifically, although the
stimuli are linguistic symbols, they are also spatial in nature.
Participants may therefore employ a system in which the
letter stimuli first undergo spatial processing prior to linguis-
tic processing. The former analysis is more efficiently per-
formed by the right hemisphere and the latter by the left
hemisphere. However, because both linguistic and spatial
processing are presumed to be subserved by the right
hemisphere in persons with Down syndrome, the link be-
tween these two functions facilitates processing of the tactile
letters, and is expressed as a left hand advantage in this task.

In a second experiment (Weeks et al., 1995), we employed
the visual field and fixation protocol we described above
(Elliott et al., 1995), presenting letters as stimuli, to serve as
the visual analogue for dichotic listening. Once participants
had centered the cursor on the target, 3 letters, arranged in
a vertical column, were presented to either visual field, and
participants attempted to identify these letters. We provided
a chart of the possible letters to aid participants with Down

syndrome with their verbal report. We obtained only a slight
left field/right hemisphere advantage for the group of partici-
pants with Down syndrome. Despite the lack of a field
advantage for the control group, the direction of results for
persons with Down syndrome were as expected, taking into
account the results of the tactile experiment and the predic-
tions of our model.

These two experiments (Weeks et al., 1995) on haptic and
visual language processing suggest that the atypical left
ear/righthemisphere advantage for the perception of speech
sounds (Elliott and Weeks, 1993) may also generalize to the
haptic and visual perception of linguistic information. Over-
all these data lend themselves to an interpretation consist-
ent with the pattern of lateralization predicted by our model.
Thatis, thelefthand advantage for haptic processing and the
left field advantage for visual processing of linguistic mate-
rial suggest that, at least for this relatively homogeneous
group of verbally fluent participants (Rondal, 1994), lan-
guage perception is mediated by the right hemisphere.
Further, these experiments complement our previous re-
sults on spatial processing (Elliott et al., 1995) by providing
further evidence to support the selective nature of the atypi-
cal cerebral organization in persons with Down syndrome.

New Directions

In our work to date, we have employed neuropsychological
techniques to study the nature of perceptual-motor behav-
iour in persons with Down syndrome. This approach has
offered us a window into the nature of cerebral organization
and brain-behaviour relations in persons with Down syn-
drome and allowed us to formulate the basic tenets of a
model. We believe that this model can provide a rich source
of research questions for a next round of inquiry that could
raise our level of understanding regarding the complex
nature of perceptual-motor integration in Down syndrome.

We have begun two new research directions to further
examine the implications of our model. One direction is to
determine if the disconnection between functional systems
predicted by our modelimpacts upon dynamic, coordinative
actions requiring visual-motor or auditory-motor integration.
The second directioninvolves the use of electrophysiological
measures to examine the active cortical systems in the brain
that underlie the performance of verbal and motor tasks by
persons with Down syndrome. By extending our observa-
tions beyond the behavioural level to the level of the neural
systems, the internal and external validity of our model could
be strengthened by obtaining more “direct” evidence.

Coordinative Actions

As we have outlined in the preceding sections, one impor-
tant prediction of our model for which support has been
found, is that persons with Down syndrome will exhibit
specific difficulty on tasks which require the cooperation of
the functional systems responsible for speech perception
and movement organization (Elliott et al., 1990). This diffi-
culty may also be characterized as a problem inintegrating
perception and action (i.e., speech perception and move-
ment production). This characterization allows us to employ
novel tools and principles from the domain of coordination
dynamics to further investigate whether this prediction from
our model is limited to discrete limb and oral movements
(see Elliott and Weeks, 1993, for a review) or extends to
coordinative actions requiring visual-motor or auditory (ver-
bal)-motor coordination.
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The dynamical systems approach in motor behaviour has
made considerable progress in the study of movement
coordination (see Turvey, 1990 for a review). A number of
investigators have successfully employed this paradigm to
study the coordination of perception and action, namely,
visual-motor coordination (Byblow et al., 1995; Schmidt et
al., 1990; Wimmers et al., 1992), and auditory-motor coor-
dination (Kelso et al., 1990). In light of the predictions from
our disconnection model, we have been interested in deter-
mining whether persons with Down syndrome have greater
difficulty in coordinating action with auditory information
(e.g., speech) compared with visual information. For exam-
ple, consider a movement task in which participants are
required to coordinate rhythmic, oscillatory movements with
either a visual or auditory signal. If our model extends to the
domain of perception-action coordination, we would expect
that persons with Down syndrome will achieve better coor-
dination when the movement requires the cooperation of the
visual perception and movement systems compared to
when the movementrequires the cooperation of the auditory
(speech) perception and movement systems. Moreover, if
the nature of perception-action coordination in persons with
Down syndrome can be so characterized, it remains to be
determined whether the verbal-motor difficulties experi-
enced by these persons are specific only to speech percep-
tion or extend to auditory perception in general.

As a starting point, we have been examining auditory-motor
and visual-motor coordination in persons with Down syn-
drome. Our interest is in determining the consistency of
movement coordination with either a visual or auditory
stimulus. Our task requires participants to perform rhythmic
forearm movements with a lever, which moves in a left-right
dimension about its axis, in synchrony with a computer-
generated visual stimulus and an auditory stimulus. Five
participants with Down syndrome participated in our initial
study. Participants sat with their midlines aligned with a
computer monitor placed at eye level and grasped a lever
located directly in front of their midline. The visual stimulus
was a computer-generated cursor which flashed briefly
between left and right positions on the monitor. The auditory
stimulus was a 1000 Hz tone of 100 ms duration and was
provided coincident with each occurrence of the visual
stimulus. The stimuli completed a left-right cycle once every
2 seconds.

Atthe start of atrial, the visual stimulus cycled discretely back
and forth on the monitor. The appearance of the visual
stimulus at each of its left and right positions was coincident
with the presentation of the auditory stimulus. Participants
were then asked (through verbal directions and visual
demonstrations) to synchronize their movements such that
when the visual stimulus was on the left side, their movement
should also be at its left endpoint, and that when the visual
stimulus was on the right side, their movement should also
be at its right endpoint. They were also advised of the
auditory stimulus, which would be coincident with the visual
stimulus.

Once a participant was able to establish coordination with
the stimuli, the trial proceeded. There were two types oftrials,
comprising two transfer conditions. In the visual transfer
condition, the visual-auditory stimuli were presented for 15
cycles for the first half of the trial, after which the auditory
stimulus was removed, and participants were required to
maintain coordination with the remaining visual stimulus on

the second half of the trial. In the auditory transfer condition,
the visual-auditory stimulus combination was presented for
15 cycles for the first phase of the trial, after which the visual
stimulus was removed and participants were required to
maintain coordination with the auditory stimulus alone on
the second phase. We collected kinematic data from move-
ment of the lever and calculated the coordinative relation
between the participant’'s movement and the visual / audi-
tory stimuli (for specific details regarding the type of data
collection and data reduction procedures we employed, see
Byblow et al., 1995).

We examined the relative phase between the participant’s
movement and the stimuli. The relative phase provides a
measure of the position-time relation (the coordination)
between the stimuli and movement. For example, if a partici-
pant’'s movements were in perfect spatial and temporal
synchrony with the visual stimulus, the coordinative relation
can be regarded as in-phase, associated with a relative
phase value of 0 degrees. If a participant’s movements were
in perfect temporal, but opposite spatial, synchrony with the
visual stimulus (e.g., movement at left endpoint - stimulus at
right endpoint), the relation can be regarded as out-of-
phase, associated with a value of 180 degrees. The relative
phase can assume values between 0 and 360 degrees,
ranging from perfect coordinative relations to those relations
in between. With respect to coordination with the auditory
stimulus, because the tone was present at both endpoints of
the cycle with no differentiation spatially, in-phase and anti-
phase coordination were essentially equivalent. Although
there are many interesting issues regarding in-phase ver-
sus out-of-phase coordination, of primary interestto us at this
stage was the consistency in a participant’s coordination as
afunction of the stimulus conditions, and the amount of time
in which participants were outside of either in-phase or out-
of-phase synchrony with the stimuli.

The uniformity of the relative phase relations provides infor-
mation about the consistency and stability of coordination
(see Byblow et al., 1995, for specific calculations). Indi-
vidual-subject analyses were performed on each data set
from a participant, using a 2 transfer conditions (visual
transfer, auditory transfer) x 2 trial phase (first phase, second
phase) mixed analysis of variance. The transfer conditions
differed with respect to the second phase (2nd half) of the
trials only. Thus ifthere were differences between conditions
in which the visual stimulus is presented alone or the
auditory stimulus is presented alone, we would generally
expect an interaction between transfer condition and trial
phase. Significant effects were obtained only for 2 of 5
participants. In one participant, the consistency of coordina-
tion was found to be greater overall for the auditory transfer
trial than for the visual transfer trial,F(1,28) = 20.97,p < .001,
and for the first trial phase (both stimulus sources) than for
the second trial phase (single stimulus source), F(1,28) =
22.07, p < .001. Further, the primary source of the differ-
ences was attributable to the second phase of the trials,
during which coordination with the auditory stimulus was
more consistent than with the visual stimulus, F(1,28) =
28.38, p < .001. In a second participant, there was again
greater consistency overall for the auditory transfer than the
visual transfer trials, F(1,14) = 6.76, p < .025, with the
difference tending to arise primarily during the second trial
phase,F(1,14) = 4.05,p < .065, when only a single stimulus
source was available.
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Figure 2A and 2B. Time series of coordinative relation, relative phase, for a visual transfer trial (A) and auditory transfer trial
(B). Panel A illustrates loss of coordination during the second phase of the trial. Upper and lower dashed lines demarcate
180 degrees and 0 degrees, respectively. Panel B illustrates a momentary loss of coordination which is then reestablished.
Upper and lower dashed lines demarcate 0 degrees and 180 degrees respectively.

A

Forthe same two participants above, significant effects were
also found for the proportion of time during which coordina-
tion was outside of an in-phase region or out-of-phase
region (see Byblow et al., 1995, for specific calculations). If
one is able to maintain coordinative relations within a region
about in-phase or out-of-phase throughout a trial, then there
should be little time spent in intermediate coordinative
relations outside these regions. An increase in the amount
of time outside these two regions is taken to indicate poor
coordinative synchrony in a participant’s movements with
the stimulus. Inthefirst participant (same as above), less time
was spent overall in intermediate coordinative relations
during auditory transfer trials than during visual transfer
trials, F(1,28) = 10.71, p < .005, and during the first phase
of trials than the second phase, F(1,28) = 29.08, p < .001.
Again, the difference was primarily attributable to the second
phase of the trial, during which time only a single stimulus

source was available, F(1,28) = 49.55,p < .001. Coordina-
tion with the auditory stimulus was maintained better than
with the visual stimulus. In the second participant, coordina-
tion during the auditory transfer trials was, on average,
maintained withinin-phase or out-of-phase regionsto greater
extent than during visual transfer trials, F(1,14) = 6.87,p <
.025. Once again, the effect of transfer condition was prima-
rily seen during the second phase of the trial,F(1,14) = 4.80,
p < .05. Examples of time series taken from a participant are
shown in Figure 2. lllustrated in panels A and B are a visual
transfer trial in which the participant’s coordination was
more consistent during the first phase (visual + auditory
stimuli) than the second phase (visual stimulus), and an
auditory transfer trial in which coordination was essentially
maintained throughout the trial, respectively.
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In summary, our initial work ex-
amining perception-action coor-

Figure 3. A functional systems approach to the study of perceptual-motor behaviour
and functional cerebral organization in persons with Down syndrome.

dination in individuals with Down
syndrome has yielded results
somewhat contrary to our expec-
tations. The two participants that
exhibited differences in coordi-
nation as a function of stimulus
conditions showed better coordi-
nation overall when an auditory
stimulus was present. It is possi-
ble that this stimulus source was
more salient and therefore served
as a better source for movement
synchronization. Thus, inthe case
of these two participants, audi-
tory-motor coordination proved to
be more consistent than visual-
motor coordination. As the pre-
dictions of our model specifically
relate to verbal-motor versus
visual-motor coordination, we are
presently designing a verbal-mo-
tor conditionin which the stimulus
source consists of computer-gen-
erated speech - specifically, the
words “left” and “right.”

Future consideration of a broader
range of coordination tasks that
require effective perceptual-mo-
tor integration may help to deter-
mine the extent that stability and
consistency of coordination con-
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tributes to the behavioural prob-

lems associated with Down syndrome. As well, other ways
of presenting perceptual information may serve to optimize
perceptual-motor integration. In essence, we are suggest-
ing that efforts to characterize movement coordination in
persons with Down syndrome from the perspective of our
model of functional cerebral organization, may address a
greater range of perceptual-motor behaviour that is charac-
teristic of Down syndrome.

Brain-Behaviour Relations

Given that much of the previous literature upon which our
model is based has employed noninvasive neuropsycho-
logical techniques, another direction to be taken in a second
round of inquiry is to examine the implications of our model
at a level closer to the neural systems themselves. One
means of addressing this issue is to adopt an approach
fostered by the fields of physiological psychology and cog-
nitive neuroscience and examine the activity of the brain. A
basic tenet of the approach is to associate a description of
mental events with a description of brain function, along with
a characterization of the neural systems that underlie per-
ceptual and motor events and the nature of activity of these
systems.

Recent advances in brain imaging techniques have en-
dowed investigators with the tools required to identify and
locate active neural systems in the brain during the perform-
ance of certain cognitive and motor tasks. Advances in
electroencephalography (EEG), as well as the rapid devel-
opment of magnetoencephalography (MEG), provide non-
invasive methods with which to examine cerebral activity.

The EEG and MEG, with their high temporal resolution, are
particularly suited for the examination of the time-evolving
dynamics of cortical activity. The MEG, which measures
magnetic fields in the brain, further enhances the spatial
resolution compared with that afforded by the EEG. Moreo-
ver, progress in analytical methods such as source localiza-
tion have also enhanced our window into the cortical sys-
tems underlying behaviour (e.g., see Kristeva et al., 1991;
Weinberg et al., 1990). Source localization techniques allow
investigators to locate active cortical systems based on EEG
potentials and MEG fields recorded at the scalp (e.g., see
Wong, 1991). Our model would be considerably strength-
ened by identifying the neural systems involved during
speech perception and movement organization in persons
with Down syndrome.

Two important confirmations of our model could result from
psycho-physiological studies which a) replicate the behav-
ioural findings of Elliott et al. (1990), and b) examine the
pattern of cortical activity associated with cue (visual or
verbal) perception and movement preparation. First, our
model suggests that the functional systems subserving
speech perception in persons with Down syndrome dwell
within the right hemisphere. This feature is based upon
dichotic listening findings in persons with Down syndrome.
Thus, we would expect that during speech perception the
underlying cortical systems would be located in the right
hemisphere for persons with Down syndrome. Alternatively,
our model predicts, and our empirical work suggests, that
cerebral organization for movement production in persons
with Down syndrome is similar to persons without neurologi-
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cal disabilities (e.g., see Weinberg et al., 1990 for an over-
view of studies of motor function using the EEG and MEG).
Thus, in contrast to what would be predicted by a general
“reversal of function” model (cf. Hartley, 1982), we would
expect to find that the pattern of cortical activation during
movement preparation and execution in individuals with
Down syndrome will be similar to that in individuals without
neurological disabilities. We are presently preparing this
round of inquiry at Simon Fraser University.

Summary

In our work, we have generally applied a neuropsychologi-
cal, functional systems approach, to the understanding of
perceptual-motorintegration problemsin persons with Down
syndrome.

As depicted in Figure 3, the first round of inquiry employed
non-invasive neuropsychological techniques to examine
the similarities and differences in cerebral organization and
perceptual-motor behaviour between persons with Down
syndrome and chronologically matched control participants.
This group differences approach led to the development of
a specific model of brain-behaviour relations for persons
with Down syndrome. The primary feature of the model is the
neuroanatomical disconnection of the cerebral areas re-
sponsible for speech perception and movement organiza-
tion. Many of the predictions of the model have been subject
to empirical testing and confirmation which, in turn, has
allowed use to refine and extend the model. Moreover, the
generalizability of the model has been intimated in its
promise as a means of predicting individual differences with
the Down syndrome population (Elliott and Weeks, 1993).
Our present research efforts are directed toward a new
round of inquiry that could provide further insight into the
specific locus and nature of the brain behaviour relations
implicated by our behavioural research. In particular, we are
extending our investigations to examine other forms of
perceptual-motor interactions and to obtain more direct
neurophysiological evidence for the model.

Our long-term goal is to establish guidelines for the devel-
opment of instructional strategies that may circumvent, or at
least reduce, the impact of some of the specific information
processing difficulties associated with Down syndrome.
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