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Abstract 

The two cerebral hemispheres have distinct processing strengths. However, alrnost any 

task calls on the skills of both hemispheres. In this thesis, 1 explore the integration of left- and 

right-hemisphere processes in speech perception. Previous research has demonstrated that the left 

hemisphere is specialized for processing the linguistic aspects of speech, and that the right 

hemisphere is specialized for processing prosody, or information that is carried in the tone of 

voice. The present series of experïments used an interference paradigm in which the linguistic 

content of the stimulus conflicted with the tone of voice in which it was spoken. Two theortetical 

viewpoints were considered. According to the shielding hypothesis, the fact that linguistic and 

prosodic processes are carried out in opposite hemispheres should minimize the interference 

between them. However, an alternative view is that there is a bilateral speech processing module 

with a specialized callosal relay channel to maximize integration (and tl~erefore interference) 

between the two dimensions. These hypotheses were tested in a series of four experiments. 

The first two experiments were designed to demonstrate that the stimuli met two criteria - 

linguistic and prosodic dimensions were processed in opposite hemispheres, and they produced 

interference. Experiments 3 and 4 used dichotic listening techniques to compare interference 

within a hemisphere to interference between hemispheres. Results from b o t -  experirnents were 

incompatible with the shielding hypothesis, and the nsults from Experiment 4 were consistent with 

the specialized callosal relay hypothesis, in that interference was pater across hemispheres than 

within hernisphere. 

In summary, the fmdings are consistent with the hypothesis thaî there is a specialized 

callosal relay channel between linguistic processing centres in the left hemisphere and prosodic 

processing centres in the right hemisphere. In the present snidy, this bilateral processing system 

maxirnized interference between linguistic and prosodic processes. However, in most speech 

processing situations, linguistic and prosodic information is congruent. The bilateral processing 

system would therefore lead to highly efficient integration of both dimensions. 
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Introduction 

The two cerebral hemispheres have long been known to be specialized for different 

processes. Eariy research on iaterality focused on each hemisphere in isolation, through 

the study of patients with unilateral brain damage (Broca, 1861) or cdosd disco~ection 

(Sperry, 1974). Experimental techniques such as dichotic listening and visual half-field 

presentation were developed and refined to produce functional isolation in the intact brain - 
at least for a few milliseconds (Bryden, 1982). Catalogues of left- and nght-hemisphere 

skiîis were developed: the left hemisphere is speciaüzed for language, tempord 

pmcessing, and praxis; the right for emotion, music, and spatial ability (see Hellige, 1993, 

for a review). 

The catalogue approach assumai that the lefi and nght hemispheres are speciaiized 

for different tavks. It has since become apparent that the two hemispheres may be 

specialized for different processes, but that many different processes contribute to the 

performance of any task. Although some processes may be completely lateralized (e.g., 

phonological processing appears to be restricted to the left hemisphere), other processes 

may exhibit only relative speciaüzation to one hemisphere. The question then bocomes: 

how do the hemispheres accomplish their division of labour, and how do they coordinate 

their resources? 

Division of Labour in the Hemispheres 

There are two possible approaches to the division of labour across hemispheres. 

The first is a division of processing based on division of input. For example, in the visud 

modality, the left visual field (LVF) projects to the nght hemisphere, and the right visual 

field (RVF) projects to the left hemisphere. Each hemisphere may therefore process the 

information with which it is presented, and then provide its products for integraiion. 

Banich and colleagues have tested this hypothesis in their studies of the bilateral advantage 

(see Banich, in press, for a review). In a typical expriment (Banich & Belger, 1 WO), 

subjects compared a lateralized target stimulus to two probe stimuii - one in the sarne visual 



field and one in the opposite visual field. When the cornparison is simple (e.g., Does the 

target have the sarne identity as either probe?) there is an advantage for within - hernisphere 

processing. However, when the task becomes more complex (e.g., Does the target plus 

one of the probes sum to a number greater than IO?) there is an advantage for cross - 
hemisphere processing. The bilateral advantage has been interpreted in t e m  of an increâse 

in resources (in t e m  of neural space) when processing can be divided across 

hemispheres. There is some cost associated with the integration stage, but when the task is 

complex, the costs of integration are offset by the benefits of parallel procwing. 

According to this bilateral processing approach, the hemispheres divide processing 

according to stimulus input. However, it is assumed that each hernisphere perforrns the 

same type of processing. Another way that the hemispheres can share processing is for 

each to process the same input in quulitatively different ways. For example, given that our 

view of the world is not tachistoscopic, each hernisphere has equal access to the whole 

visual scene (at les t  in central vision). However, the left hemisphere is specialized for the 

processing of local information whereas the right is specialized for the processing of global 

information (Lamb, Robertson, & Knight, 1989; Martin, 1979; Sergent, 1983). Each 

hernisphere therefore performs different (possibly paraIlel) computations on the same input. 

At some point, local and global analyses are integrated to produce a unified percept . 

It is likely that a similar division of labour occurs in the processing of speech input. 

Although left-hemisphere specialization for language is a central tenet of 

neuropsychologicd theory, it has been demonstrated that the left hemisphere is specialized 

for processing linguistic aspects of language (phonology, semantics, syntax) but that the 

right hemisphere is specialized for the processing of pragmatic aspects, especially prosody 

(information that is carried in the tone of voice). For example, patients with right- 

hemisphere darnage (particularly in right patieto-temporal areas) are impaired in their 

judgment of the emotional prosody of sentences (Heilman, Scholes, & Watson, 1975; 

Tucker, Watson, & Heilman, 1977). A similar dissociation can be observed in normals. 



Ley and Bryden (1982) presented dichotic sentences spoken in emotional tones of voice, 

and had subjects make decisions about either the meaning or the tone of voice. For the 

linguistic task, a nght ear advantage (REA) was observed, reflecting left-hemisphere 

specialization, whereas for the prosodic task, a left ear advantage (UA)  was observed, 

reflecting right-hernisphere specialization. This f i g  suggests that each hernîsphere 

processes the same stimulus in a qualitatively different way. 

The lateralization of linguistic and prosodic pmessing to opposite hemispheres is 

referred to as a complementary pattern. Bryden and MacRae (1989) found that 

complementarity of linguistic and prosodic processing could also be observed with single 

words. They used the words "bower", "dower", "tower", and "power". spoken in tones 

of voice that were mad, sud, glad, and neutral. Stimuli were presented dichotically, such 

that there was a different word in a different tone of voice at each ear on each trial. In the 

linguistic task, subjects listened for a target word; in the prosodic task they listened for a 

target tone of voice. As expected, an REA was observed for the linguistic task, and an 

LEA was observed for the prosodic task. 

In this thesis 1 will examine the integration of linguistic and prosodic information in 

speech perception. Given that these two dimensions of speech are processed pnmarily in 

opposite hernispheres, an examination of their interaction may serve to elucidate more 

general principles of interhernispheric integration. Integration of linguistic and prosodic 

information wiii be examined using a Stroop-like interference paradigrn in which the 

linguistic meaning of words can contlict with the prosodic voice in which they are spoken. 

In a standard Strwp expenment, subjects are required to identify the ink colour in 

which colour words are written (MacLeod, 1991; Stroop, 1935). Stimuli can be either 

congruent, incongruent, or neutral with respect to the relationship between ink colour and 

word. The typical finding is interference on incongruent trials relative to the neutral 

condition, and (less consistently) facüitation on congruent trials. The Stroop effect is 

asymmetric, that is, words interfere with the abiiity to identify ink colour, but ink colour 



does not generaily interfere with the ability to narne words. Most theoretical accounts of 

the Stroop effect suggest that interference arises at a response selection stage. The word 

sometimes enters the response selection mechanism fmt, either because it is processed 

faster (Morton & Chamben, 1973; Posner & Snyder, 1975) or automatically (Dunbar & 

MacLeod, 1988; Stroop, 1935), or because it is more strongly associated with the response 

(Cohen, Dunbar, & McLelland, 1990). 

The stimuli for this senes of experiments are the words "mad, "sad", "glad", and 

"fad", spoken in tones of voice that are mad, sad, glad, or neutral. Stimuli are therefore 

congruent, incongruent, or neutral with respect to the relationship between linguistic and 

prosodic information. The experiments are designed to examine the interference (and 

therefore the integration) of these components when the dimensions can be processed 

across hemispheres versus when they are processed in the same heciisphere. It is assumed 

that, under binaural conditions, each hemisphere has equal access to b t h  dimensions, so 

each hemisphere processes the stimulus according to its own strengths. Dichotic 

manipulations are used to examine interference that occurs witbin a single hernisphere. 

Experiments 1 and 2 demonstrate that the two dimensions are processed in opposite 

hemispheres, and that they do interfere with each other. Experiments 3 and 4 use dichotic 

presentation to compare interference between and within hernispheres. 

Models of Dichotic Listening Perfiomrance 

The interpretation of results from a dichotic listening experiment depends on the 

model of dichotic listening performance that is assumed. In a typical dichotic listening 

experiment, competing stimuli are presented to each ear simultaneously. The auditory 

system is configured such that there are both contralateral and ipsilateral pathways from 

each ear to auditory cortex. However, it is thought that the ipsilateral pathways are 

suppressed under dichotic conditions, producing solely contralateral projection (Kimura, 

1967). This structurai model can be contrasted with attentional models of dichotic listening 

performance. For example, Kinsbourne (1975) proposed that the act of engaging in a 



verbal task activates the left hemisphere, and produces a bias toward the right ear. 

Similarly, engaging in a nonverbal (e-g., spatial) task leads to activation of the nght 

hemisphere, and a lehard bias. Although attentional factors cm clearly contribute to the 

production of perceptuai asymmetries (Mondor Br Bryden, 1992) there is compelling 

anatomical evidence for the structurai model of pedormance, based on findings with split- 

brain patients who can verbally report the left ear stimulus under monaural conditions, but 

not under dichotic conditions. (Clarke, David, & Zaidel, 1993; Kimura, 1967). 

When subjects engage in verbal processing in a dichotic listening task, an REA is 

typicaily observed. However, even if one assumes a structural model of performance, 

there are a number of ways in which the REA rnight &se. Zaidel(1995) distinguishes 

between direct access (in which stimuli are processed in the hemisphere to which they are 

projected, regardless of hemispheric specialization) and callosal relay (in which stimuli 

must be relayed to the appropnate hemisphere for processing). According to the direct 

access account, the REA refiects the inferior Linguistic capabilities of the right hemisphere, 

which must process the left ear stimulus. Alternatively, the REA could reflect the deiay 

(and possible degradation) that oçcurs when the left ear stimulus must be relayed to the left 

hemisphere. If one wishes only to detennine which hemisphere is specialized for a specific 

process, the distinction between direct access and callosal relay is inelevant. However, if 

one wishes to draw conclusions about the locus of processing with dichotic presentation, 

these models need to be made explicit. 

With respect to the present experiments, in which stimuli have both linguistic and 

prosodic information, there are three possibilities for the locus of processing that is 

produced by dichotic presentation. These are illustrated schematically in Figure 1. 
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Models of dichotic listening performance. Under the mixed model, there is direct access 
for prosodic processing, but callosal relay for linguistic processing. Placement of modules 
within hernispheres is schernatic, and does not reflect anatomical localization. 



A) Callosal relay for both linguirric and prosodic uifomtion Regardless of the ear of 

presentation, linguistic information is processed in the left hemisphere, and prosodic 

information is processed in the right hemisphere. Therefore linguistic information must be 

relayed from the lefi ear stimulus, and prosodic information must be relayed fiom the right 

ear stimulus. Both dichotic and binaural conditions the~fore produce processing across 

hemispheres. The callosal relay model is based on the premise of absolute speciaiization, 

in that the operations of left and nght hemispheres are rnutually exclusive. All-or-none 

rnoàels of hemispheric specialization are not well-accepteci, and so this possibiiity will be 

eliminated in future discussion. 

B) Direct access for both dimensions For the right ear stimilus, both linpistic and 

prosodic dimensions are processed in the left hemisphere, and for the left ear stimulus, 

both dimensions are processed in the right hemisphere. Dichotic presentation therefore 

produces within-hemisphere processing. 

C) Callosal relay for linguistic information, and direct access for prosodic information. 

Direct access and callosal relay are not competing hypotheses, and they are not mutually 

exclusive. It is possible that the hemispheres process according to direct access if possible 

(e.g., prosodic processing), but resort to callosal relay for phonological processing. 

Consistent with this hypothesis is the finding that lateralization of prosody is not as saong 

or as consistent as that for phonological processing (Bryden Br MacRae, 1989; Grimshaw, 

Bryden, & Finegan, 1994; Ley & Bryden, 1982). Studies of clhical populations also 

point to some capacity for prosodic judgment in the left hemisphere (Bowers et al., 1987). 

but little or no capacity for phonological processing in the right hemisphere (Zaidel & 

Peters, 198 1). This model may be particularly appropriate when subjects are attending to 

the prosodic content of the stimulus, and linguistic information is unattendeci. According to 

this modei, nght ear presentation produces processing within the left hemisphere, but left 

ear presentation produces cross-hernisphere processing. 



Theones of InterhemisphenC Iniegmtion 

There are two theoretical perspectives that predict different relations between 

lateralization of linguistic and prosodic processes and the interlemce between them. Each 

is based on differing viewpoints of the role of the corpus callosum and other commissures 

in interhemispheric interaction (see ChiareIl0 & Maxfield, 1996, for a review of these and 

other models of interhemispheric inhibition). 

The corpus callosum is the largest fibre tract in the human brain, consisting of 

approximately 200 million fibres (Aboitiz, Scheibel, Fisher, & Zaidel, 1992), ranging in 

size from very small, unmyelinated axons (less than 2 pm) to gigantic, myelinated axons 

(larger than 3 pm). Callosal fibres connect mainly homologous areas of cortex. Primary 

sensory areas are connected by large, fast fibres, whereas association areas are connected 

by smail, slow fibres. The callosum is therefore highly heterogeneous, and it has k e n  

proposed that there are callosal channels (distinguished by topography, size, and speed) 

that serve different functions (Banich, 1995; Braun, Sapin-Leduc, Picard, Bonnefant, 

Achim, & Daigneault, 1994; Kinsboume, 1995). It is therefore not necessary for callosal 

function to be unifonn in al1 situations. There are also a nurnber of subcortical 

commissures that can convey limited types of information. 

The most vaditional view of the role of the callosum in interhemispheric integration 

is that it acts as a shield to isolate each hemisphere from the other. More controversially, 

Robertson and colleagues (Lamb, Robertson, & Knight, 1989; Robertson, Lamb, & 

Zaidel, 1993) have proposed that the cdlosum acts as a speciaiized communication channel 

between component processes in left and nght hemispheres. In the remainder of the 

introduction each theory will be reviewed and explicit predictions made about the patterns 

of interference that should be observed between linguistic and prosodic processes in this 

senes of studies. 



The Shielding Hypothesis 

According to the shielding hypothesis, the corpus callosum is a gate that protects 

each hemisphere from the other, permitting independent and p-arallel processing. Of 

course, the gate must open (at some late stage of processing) to ailow the integration of lefi- 

and right-hemisphere computations. This hypothesis has its rwts in Kinsbourne and 

Hicks' (1978) Functional CerebraI Distance Hypothesis, which States that the interference 

between two tasks is inversely proportional to the functionai distance between the 

anatornical substrates that subserve those tasks, and that points in opposite hemispheres are 

maximally distant. This premise was formalized by Friedman and Polson (198 l), who 

claimed that the two hemispheres have independent and mutually inaccessible pools of 

resources (but see Pashler & O'Brien, 1993). 'ïherefore, two processes that are completed 

entirely in opposite hemispheres should not interfere with each other. Recall from Figure 1 

that, according to the direct access model, presentatiori to each ear produces within- 

hemisphere processing (and therefore interference). According to the mixecl model, right- 

ear presentation should produce interference, but leftear presentation, which produces 

cross-hemisphere processing, should not produce interference. 

The shielding hypothesis has been used with some success for the localization of 

cognitive function using duai task methodology. For example, concurrent verbal activity 

affects right finger-tapping more than left fmger-tapping, whereas concurrent spatial 

processing affects left finger-tapping more than nght finger-tapping (Hiscock, 1982). 

Similady, verbal memory for nonsense syliables is better during leR finger-tapping than 

during right finger-tapping (Friedman, Polson, & Dafoe, 1988). 

Shielding is assumed in the explanation of the bilateral advantage described above 

(Banich, in press). Recall that the bilateral advantage is proposeci to result from the 

increase in resources that are available when processing cm be divided across hemispheres, 

following the assumption that the hemispheres have independent resource pools. Each 

hemisphere is presumed to process its input in an independent and paralle1 fashion. 



However, Chiarello and Maxfield (1996) have argued that, aithough callosal shielding is 

implied in the explanatim of the bilateral effect, it is not a necessary conclusion on the basis 

of the &ta. Indeed, an dvantage for cross-hemisphere pmcessing may reflect more 

efficient connectivity (and integmtion) across hemispheres than within hemispheres. 

Findings about the lateralization of the Stmop effect are mixe& but they provide 

limited support for the shielding hypothesis. The primary prediction of the shielding 

hypothesis is that interference should be greater within a hemisphere than across 

hemispheres. This hypothesis has been tested using a paradigm in which the word and 

colour patch are spatiaily separated, and performance is compared for biiateral versus 

unilaterai presentation (note that the interpretation of results h m  these experiments rnakes 

the implicit assumption of direct access for both word reading and colour naming with 

lateralized visual presentation). Severai experimenters have used this paradigm and found 

greater interference for unilateral versus bilateral presentation (David, 1992; Zaidel, 1994) 

although others have observed no differences (Weekes & Zaidel, 1996; Shenker, Dori & 

Banich, 1994). 

A corollary of the shielding hypothesis is that the pattern of interference within a 

hemisphere will be influenced by hemisphenc specialization. SpecifcalIy, greater Stroop 

interference should be observed in the verbaily oriented left hemisphere than in the 

nonverbal right hemisphere (assurning that colour naming can be performed by either 

hemisphere). This hypothesis has been confmed in a number of studies using lateraiized 

presentation of Stroop stimuli (Guiard, 198 1; Hugdahl & Franmn, 1985; Schmitt & Davis, 

1974). To the extent that the stimuli in the present series of experiments are Strooplike, 

one might predict similar results. Specifically, one might expect more linguistic 

interference in the left hemisphere, and more prosodic interference in the nght hemisphere. 

Predictions from the shielding hypothesis are outlined in Table 1. 



Specialued Callosal Channels 

An alternative to the shielding hypothesis cornes fiom Robertson and colleagues 

(Lamb, Robertson, & Knight, 1990; Robertson, Lamb, & Zaidel, 1993), who suggest that 

the callosum does not reduce interference, it causes it. Their hypothesis is specific to the 

intebption of global and local information in visual processing. There is considerable 

evidence that the left hernisphere is speciaiized for the processing of local informaton, and 

the right hemisphere is specialized for the processing of global information. For example, 

when copying a hierarchical stimulus (e-g., a large letter "Sv made of small letter "TWs), 

patients with left hernisphere damage (particularly in areas of the temporo-parietal junction) 

will draw the global letter but not its local elements, whereas patients with damage in 

homologous areas of the right hemisphere will draw the local elements, but not arrange 

them into an appropriate global configuration (Delis, Robertson, & Efron, 1986; Robertson 

& Lamb, 199 1). Studies of split-brain patients indicate that hemispheric specialization 

reflects a processing bias toward global or local levels, and not absolute lateraiization of 

processing (Robertson, Lamb, Br Zaidel, 1993). Al1 three split-brain patients tested by 

Robertson et al. were able to make global judgments (identifying the global letter of 

hierarchicd stimuli) of stimuli presented to the left hemisphere, and two of three were able 

to make local judgments of stimuli presented to the right hernisphere. 

In normal subjects, global information interferes with local processing (Navon, 

1977), a phenomenon known as global interference. Interestingly, both in patients with 

unilateral damage to tempo-parietal junction (T-P; Lamb, Robertson, & Knight, 1989, 

1990) and in split-brain patients (Robertson et al., 1993), global interference is absent. In 

a senes of 12 patients with unilateral T-P damage (5 Ieft hemisphere and 7 right 

hemisphere), Robertson et al. (1990) found that left T-P darnage produced very long 

responses to local information (250 ms global advantage versus a 30 ms global akantage 

in nomals), but no global interference. In the snidies of the three split-brain patients 

(Robertson et al., 1993), hierarchical stimuli were presented unilaterally. Patients 



identified the global or local letters in separate blocks. When stimuli were presented to the 

nght hemisphere, RTs for global identification were similar to those for controls, but RTs 

for local identification were much slower (300 - 40 rns). None the less, none of the 

subjects demonstrated global interference, and in fact, two of the three exhibited slightiy 

longer RTs when information at global and local levels was congruent than when it was 

incongruent When stimuli were presented bilaterally, so thaî each hemisphere could 

process according to its own processing strengths, global interference was stilI absent. 

This finding suggests that it is interhemispheric communication that produces global 

intederence. The effect is specific to the processing of global.and local information, and 

does not represent some generaiized ability to inhibit unattendeci information. For example, 

these same patients still exhibit normal Strmp interference (Henik, Lamb, & Robertson, 

1993, cited in Robertson, 1995). 

This pattern of results is highiy counter-intuitive, especially given Our often implicit 

acceptance of the hernispheric shielding view of interhemispheric interaction. However, 

Robertson and colleagues argue that it reflects the operation of a highiy efficient bilateral 

system that integrates global and local analyses to produce unifïed visual perception. 

GlobaVIocal integration is therefore a desirable product of visual processing, and it is only 

under the amficialiy contrived situation in which global and local anaiyses confîict that 

interference aises. A speciaiized communication channel is proposed to connect 

homologous areas of T-P cortex. When this channel is disrupted, either through caiiosal 

disco~ection or unilateral damage, global and local levels of analysis can no longer 

interact, and global interference is no longer observed. 

Robertson's results rnight also be conceptualized in terms of differing mechanisms 

of selection across versus within hemispheres. Given that each hemisphere can process at 

either the global or local level, early selection mechanisms wiihui a hemisphere must bias 

processing toward one level, and eliminate the possibility of interference between levels. 



However, across hernispheres, global and local analyses run in parallel, leading to lare 

selection of one dimension, and the potential for interference. 

Although Robertson's hypothesis is specific to the integration of global and local 

information in visual processing, it is possible that a simila. bilateral system operates for 

the internoration of linguistic and prosodic information in speech perception. If so, maximal 

interference between linguistic and prosodic information would be expected when 

processing is divided across hernispheres. According to a direct access mode1 of dichotic 

listening, no interference would be expected with dichotic presentation to either ear, as this 

produces processing of both dimensions within the same hemisphere According to the 

mixed model, one would expect interference with presentation to the left ear (as this 

produces cross-hemisphere processing) but not with presentation to the right ear (as both 

dimensions are then processed in the left hemisphere). This pattern rnight be particularly 

evident when subjects are attending to the prosodic dimension, as this is the situation in 

which callosai relay of linguistic information is most likely. These predictions are outlined 

in Table 1. 

Experiments 1 and 2 establish that the stimuli used in this series of experiments 

meet two criteria: First, the linguistic and pros& dimensions are processed in opposite 

hemispheres and second, they interfere with each other. Experiments 3 and 4 examine 

interference that occurs under dichotic conditions, in order to examine interference within 

and across hemispheres. 



Table 1 

Redicted patterns of interference on linguistic and prosodic tasks. 

Mode1 of Dichotic Listening 

Theory Direct Access Mixed 

Shielding 

Linguistic Task 

Prosodic Task 

Callosal Channel 

Linguistic Task 

Prosodic Task L = R = O  L>R 

Note: Each ce11 depicts the relative magnitude of interference from the opposite dimension. 

L = Left Ear, R = Right Ear. 



EXPERIMENT 1 

Experiment 1 was designed to determine if the linguistic and prosodic dimensions 

of the stimuli are processed in opposite hemispheres. It employed a target detection 

procedure simüar to that in Bryden and Mac& (1989). Stimuli were preseoted 

dichotically, and subjects attended to a linguistic target in one block, and a prosodic target 

in another block. It was expected that an REA would be observed on the linguistic task, 

and an LEA would be observed on the prosodic task. 

Method 

Part2'cipni.s 

Participants were 32 right-handed undergraduate students (16 men and 16 women). 

Al1 spoke English as a fiat language, or learned English before the age of 5. None had any 

history of audiological problerns. They received either course credit or payment for their 

participation. 

Stimuli and Apparatus 

Stimuli for this and al1 other experiments were the words "mad", "sad", ''glad" and 

"fad", spoken in emotionai tones of voice that were mad, sad, glad, or neuîrui. Words 

were spoken in a femaie voice and digitized in 16 bits at a sarnpling rate of 44.1 kHz on a 

PowerMacintosh 7 100AV computer, using SoundEdit 16 software. Individual speech 

tokens were edited to include 30 rns of silence prior to the onset of the initial burst, and 

were truncated if necessary at 750 ms. Four samples of each token were initially recordeci, 

for a total of 64 tokens. These tokens were then presented binaurally in random sequence 

to four raters who were required to identiv the emotional tone of voice without time 

pressure. On the basis of these ratings, one sample of each token was selected for which 

the emotionai tone had been identified with 100% accuracy. Tokens were then combined in 

ail possible pairings, with the constraint that a different word and a different tone of voice 

were presented to each ear on each trial. This produced 144 stimulus pairs. The 

experiment was presented on a PowerMacintosh 7 1ûûAV computer equipped with a 15 



inch AV monitor through JVC headphones with circumaural cushions. PsyScope software 

was used to control the experiment (Cohen, MacWhinney, Fiatt, & Provost, 1993). The 

same computer apparatus was used for ail five experiments. 

Procedure 

Participants attended to a linguistic target and a prosodic target in separate blocks. 

Initially, they heard each of the 16 tokens presented once binauraily, and they were 

required to indicate if their target was present or absent, using the index fingen of the left 

and right hands on the [z] and M keys of the computer keyboard. Participants then 

proceeded to the dichotic triais. They were insmicted to indicate whether their target was 

present in either ear, or absent. Targets were present on 50% of the trials, hdf in the left 

ear and half in the right ear. Participants were inshucted to respond as quickly and as 

accurately as possible, and response tirne (RT) was recorded. They then proceeded to their 

second target, repeating the binaund practice trials and then the experirnental dichotic trials. 

Subjects pedormed 2 blocks of 72 trials for each task, for a total of 288 trials. Earphones 

were reversed between the first and second blocks of each instructional condition to control 

for mechanical effects. Each possible target combination was assigned to two subjects (1 

man and 1 woman). Task order and response hand for present versus absent trials were 

counterbaianced across subjects. The experiment twk approximately 30 minutes to 

complete. 

Results and Discussion 

Mean response times for correct responses were calculated for each condition. 

Outliers were identified using a simple recursive outlier procedure with a critenon of 3 

standard deviations (Van Selst Br Jolicoeur, 1994). Fewer than 1% of data points were 

excluded on this basis. Mean RTs and error rates (misses) are presented in Figure 2. 
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Figure 2. Experiment 1: Response times (A) and error rates (B) for the detection of 
linguistic and prosodic targets as a function of ear. 



Response Times 

RTs for present trials were analyzed in a 2 (Task) x 2 (Ear) x 2 (Sex) x 2 (Response 

Hand) anaiysis of variance (ANOVA) with Task and Ear as within-subjects variables, and 

Sex and Response Hand as between-subjects variables. No effects of Sex or Response 

Hand were observed, and so they were eliminated from the analyses. A main effect of 

Task was observed, F(l, 3 1) = 28.50, p < .001, reflecting faster responses for linguistic 

targets. Also, a Task x Ear interaction was observed F(1,3 1) = 4.44, p e.05. Planned 

cornparisons of the ear dvantage for each task revealed a significant REA of 1 12 ms for 

the linguistic task, t (3 1) = 3.52, p = -001, and a nonsignificant LEA of 52 ms for the 

prosodic task, t(3 1)  = -0.95, ns (see Figure 2). 

Error Rates 

Error rates for present trials (misses) were andyzed in a similar manner. The main 

effect of Task was again observed, F (1,3 1) = 14.68, p = .001, as was the Task x Ear 

interaction, F(l, 3 1) = 10.98, p =.002. A significant REA was observed for the luiguistic 

task, t(3 1) = 2.40, p = -02 and a significant LEA was observed for the prosodic task, t(3 1) 

= -2.06, p = -04. 

Experiment 1 clearly indicates that there is differential hemispheric specialization for 

the two dimensions of these stimuli, with linguistic information processed primarily in the 

left hemisphere, and prosodic information processed prirnarily in the right hernisphere. 

They are therefore good candidates for this study of interhemispheric integration. Although 

both the interaction of Task and Ear and the REA for linguistic targets were sign*cant in 

both RT and error data, the LEA for prosodic targets was significant only in the emr  data. 

It should be ngted that the LEA for prosodic information was smaller than the REA for 

linguistic information, a common finding in lateraiity stuiies, which may refîect some left- 

hemisphere cornpetence for prosodic analysis. 



EXPERIMENT 2 

Expriment 2 consisted of a binaural identification task in which subjects identifed 

either the word or the tone of voice of each stimulus. Although interference in the standard 

S m p  task is asymmetric, that is, words interfere with colour-naming, but colours do not 

interfere with word-naming, it was not clear what pattern of interference should be 

observed between linguistic and prosodic information. This experiment therefore identïfied 

the interference pattern that should be expected under standard binaural conditions. 

Method 

Participants 

Participants were 24 right-handed undergraduate students (12 men and 12 women). 

Ali were either native speakers of English, or leamed English before the age of S. None 

reported any history of audiological problems. They received either course credit or 

payment for their participation. 

Stimuli und Apparatus 

The stimuli were the sarne auditory tokens used in Experiment 1, presented on the 

same computer system. Stimuli were either congruent (e.g., "mad in a mad voice), 

incongruent (e.g., "rnad" in a glod voice), or neutral. Neutra1 stimuli for the linguistic ta& 

were the words "mad", "sad", and "glad" spoken in a neutrd tone of voice. Neutrai 

stimuli for the prosodic task were the word "fad" spoken in mad, sud, and glad voices. 

Procedure 

Participants attended to either the tone of voice or the word in separate blocks. in 

the linguistic task, they identified the words "mad", "sad", and "glad" spoken in tones of 

voice that were mad, sud, glad, or neutrai, using the three rniddle fingen of one hand on 

the [b], ln], and [ml keys of the computer keyboard. In the prosodic task, they identified 

the emotions mad, sa4 and glod, cmried by the words "mad", "sad, "glad" and "fad", 

using the same three fingers on the sarne keys. Each block of 72 experimental trials was 

proceeded by 36 neutral practice trials, that were designed to help subjects leam the 



response mapping. Equal numbers of congruent, incongruent and neutral trials were 

presented. Response hand and response mapping (6 possible configurations) were 

counterbalanced across subjects. The experiment took approximately 15 minutes to 

complete. 

Results and Discussion 

Response times for correct responses were subjected to a recursive outlier 

procedure using a criterion of 3 standard deviations (Van Selst & Jolicoeur, 1994). Fewer 

than 1 % of data points were eliminated on this basis. Although both congruent, neutrai, 

and incongruent stimuli were presented, only neutrai and incongruent trials (i.e., 

interference) were analyzed. Because attention to either dimension on a congrnent nial 

le& to the sarne response, it is impossible to know the source of any facilitation. Better 

performance on congruent than neutral triais may wt refiect true cognitive facilitation, but 

might rather be an artifact produced by the participant occasionally responding to the wrong 

dimension (MacLeod & MacDonaId, in press; Vanayan, 1992). Therefore, al1 analyses are 

based on only neutral and incongruent trials. Al1 data for congruent trials (for this and ail 

other experiments) are presented in the appendices. 

Response Times 

Mean response times for each condition are presented in Table 2. They were 

analyzed in a 2 (Task) x 2 (Congruency) x 2 (Response Hand) analysis of variance with 

Task and Congniency as within-subjects variables, and Response Hand as a between- 

subject variable. A main effect of Congruency, F(1,22) = 12.40, p = .O02 and a main 

effect of Task, F(l, 22) = 22.52, p c .O01 were modulated by a Task x Congniency 

interaction, F (1,22) = 1 1 S2, p = .003. RTs were much shorter for the linguistic task 

than for the prosodic task. Interference effects were assessed for each task separately and 

are presented in Figure 3A. In this and in ail experiments, interference is assessed 
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Figure 3. Experiment 2: Response times (A) and error rates (B) for the identification of 

linguistic and prosodic dimensions. 



as the ciifference between incongruent and neutral trials. Ail statistical tests of interference 

effects are one-tailed, because, by definition, interference occun when perfoxmance on 

incon-ment trials is slower or less accurate than that on neuaal trials. Significant 

interference was observed in both the prosodic 623) = 3.92, p < .O01 and lingustic tasks, 

t(23) = 1.98, p = .03. 

Error Rates 

Error rates are presented in Table 3, and were analyzed in a similar rnanner. 

Again, main effects of Congruency, F(1,22) = 8.46. p = -008, and Task F(1,22) = 7.17, 

p = .O14 were observed Error rates were higher on the prosodic task than on the linguistic 

ta&. The Task x Conpency interaction that was observed in the RT data approached 

significance, F (1,22) = 3.93, p = . O 6  Interference was significant in the prosodic task, 

t(23) = 3.50, p = -001, but not in the Iinguistic task, 623) = 0.40, ns. Interference effects 

are presented in Figure 3B. 

In summary, linguistic infonnation produced a great deal of interference when 

subjects were identiwing the prosodic content of the stimulus. Although mean RTs for the 

prosodic task were almost 200 ms slower than those for the linguistic task, prosodic 

information still produced signifcant but modest interference when subjects were 

identifying the linguistic content of the stimulus. This suggests that speed-of-processing 

cannot account entirely for the interference that is observed on the prosodic task, although a 

task that is, on average, slower can interfere with one that is, on average, faster, if there is 

some overlap in the response time distributions (MacLeod, 1991). 





The results of Experiments I and 2 together incikate that Linguistic and prosodic 

dimensions of these Stroop-like stimuli are processed primarily in opposite hernispheres, 

and they interfere with each other. They are therefore excellent stimuli for the investigation 

of interhernispheric interference. Experiments 3 and 4 examine interference that is 

observed under binawl condifions, v.kn kenisphercs cm Sride processing according to 

their own sticrigiiis, an9 mat observed under conditions of dichotic stimulation, when the 

stimulus is initially projected to only one hemisphere. 



EXPERlMENT 3 

Expriment 3 used dichotic presentation in order to examine interference when 

stimuli were initially projected to one hemisphere or the other. On a dichotic trial, the target 

stimulus was presented to one ear, and the nemal word "fad" was presented to the other 

ear. This distractor stimulus was required to produce dichotic presentation, and therefore 

maximize ipsilateral suppression. However, it provided no specific interference or 

facilitation for either the linguistic or prosodic dimension. Subjects identified the word or 

the tone of voice, and responded to the stimulus in the nght ear or left ear in separate 

blocks. 

Recall that the actual locus of processing with dichotic presentation is not known, 

but inferences depend on the model of dichotic listening that is assumed. Under direct 

access, both dimensions of the stimulus from the left ear are processed in the right 

hemisphere, and both dimensions of the stimulus h m  the right ear are processed in the left 

hemisphere. Both left- and right-ear presentation therefore produce within-hernisphere 

processing. The shielding hypothesis therefore predicts that interference will appear under 

dichotic conditions, and that linguistic interference will be greater in the nght ear and 

prosodic interference will be greater in the left ear. In contrast, the callosal channel 

hypothesis predicts that interference will be elirninated under dichotic conditions. Under 

the mixed model, with caliosal relay for linguistic information and direct access for 

prosodic information, Linguistic information is always processed in the left hemisphere, but 

prosodic information is processed in the left hemisphere with nght ear presentation, and in 

the right hemisphere with left ear presentation. Therefore nght-ear presentation produces 

within-hemisphere processing, and ieft-ear presentation produces cross-hernisphere 

processing (see Figure 1). The shielding hypothesis therefore predicts greater interference 

at the right than at the left ear (regardless of task), and the callosal channel hypothesis 

predicts greater interference at the left than at the nght ear. 



Binaurai trials, in which the target stimulus was presented to both ears, were mixed 

with the dichotic trials. Binaural trials served two purposes. First, they provided a 

baseline measure of interference that occurs when both hemispheres have equal access to all 

information, and cm divide processing according to hemispheric speciaüzation. Second, 

they allowed an examinaiion of the effects of attending to either the left or right ear on the 

interference between linguistic and prosodic dimensions. It is assumed that dichotic 

presentation influences the locus of processing (according to the models described above), 

and therefore any differences between the ears reflect differences within or across 

hemispheres. However, it is also possible that attention to a single ear (especially over a 

block of trials) produces activation of the contralateral hemisphere (Kinsbourne, 1970). 

Therefore, attention to the right ear may bias performance toward linguistic processing, and 

attention to the left ear may bias perfoxmance toward prosodic processing. If so, different 

patterns of interference may be observed on binaurai trials as a function of the direction of 

attention. 

Method 

Pa&@anîs 

Participants were 32 right-handed undergraduate students from the University of 

Waterloo. None repted a history of hearing problems, and dl were either native speakers 

of English or iearned English before the age of 5. They were paid for their participation. 

Stimuli and Appclmrus 

Stimuli were the same as those described in Experiment 1. On dichotic trials, a 

target stimulus (congruent, neutrai, or incongnient) was presented in the attended ear, and 

the neutrai word "fad" was presented in the opposite ear. On binaural trials, the target 

stimulus was presented to each ear. 

ProcedWe 

Each task manipulation (linguistic or prosodic identification) was preceded by 36 

binaural practice trials (to teach response mapping). Each task condition consisted of 4 



blocks of 36 trials. Subjects attended to and reported from one ear in the fust and fourth 

blocks, and from the other ear in the second and third blocks. Earphones were reversed 

after the second block to control for mechanical effects. Within blocks, one haif of the 

trials were dichotic, and one half were binaural. Subjects identified the stimulus in the 

target ear as mad, sad, or glad, using the keys [b], [n], and [ml, respectively. Half of the 

subjects responded with the middle three fingers of their left hands, and half with the 

middk three fingen of their nght hands. Although it would have been desirable to balance 

response hand within subjects, the three-finger response mapping proved difficult to 

translate across hands. Orders of task and ear of report were aiso counterbalanced across 

subjects. The experiment took approximately 30 minutes to complete. 

The design was a 2 Task (linguistic/prosOdic) x 2 Congruency (neuaaVincongruent) 

x 2 Presentation (dichotic/binaural) x 2 Attended Ear (IefVright), x 2 Response Hand 

(leftfright) factorial ANOVA with 12 trials per condition. 

Results and Discussion 

Response Times 

RTs were subjected to a simple recursive outlier procedure on a ce11 by ce11 basis, 

with a cnterion of 3 standard deviations (Van Selst & Jolicoeur, 1994). Fewer than 1% of 

the data points were excluded on this basis. Mean RTs are presented in Table 4. 

Interference effects are presented in Figures 4A (linguistic task) and SA (prosodie task). 

Because of the large number of cornparisons associated with a 5-way design, analyses 

were carried out to test specific hypotheses. First, the omnibus ANOVA is reported, for 

cornpleteness. Then, interference effects are analyzed for binaural and dichotic conditions 

separately. The analysis of binaural trials was canied out to confum that the typical pattern 

of interference (as demonstrated in Experiment 2) was still observed, and to determine 

whether directed attention itself influenced that pattern. Analysis of dichotic trials was 

planned to compare the magnitude of intefierence when the stimulus is presented to the left 

or nght ear. This analysis is the test of the two hypotheses of interhernispheric interaction. 





Omnibur ANOVA. Mem RTs were andyzed in a mked analysis of variance with 

Task, Ear, Presentation and Congruency as within-subjects variables, and Response Hand 

as a between-subjects variable. Because of the large number of effects associatexi with a 5- 

way analysis, only si-cant effects wiii be reporteci here. The omnibus N O V A  revealed 

main effects of Task, F( 1,30) = 63 .OS, p < .O0 1, Ear, F(1, 30) = 4.22, p = -049, 

Presentation, F(1,30) = 26.08, p c -001, Congruency, F(l, 30) = 10.27, p = -003, and 

interactions of Type x Congmency, F(1,30) = 5.42, p = -027, Hand x Task x Ear, F(l, 

30) = 4.47, p = -043, and Hand x Task x Ear x Type x Congruency, F(l, 30) = 4.37, p = 

.045. 
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Figure 4. Expertment 3: Interference in rns (A) and % emr (B) on the linguistic tüsk as ü 

function of ear and response hand. Interference = [Incongruent - Neutral]. 
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Prosodic Task 
Figure 5. Experiment 3: Interference in ms (A)  and 9% error (B) on the prosodic task as ü 

function of ear and response hand. Interference = [Incongruent - Neutra1 J. 





Binuural T ' . l s -  In order to examine the effects of directed attention on binaural 

performance, a separate ANOVA was camied out for binaurai triais. The resuits revealed 

the expected main effects of Task, F(1,30)= 57.01, p c -001, and Congruency , F( 1,30) = 

15.28, p < -001, as well as a main effect of Ear, F(1,30) = 5.57, p = .025, which 

reflected faster response times when subjects were atteading to the nght ear. Importantly, 

this ear advantage did not interact with Task or Congruency. It is interesting to note that 

the Task x Congnienc y interaction did not approach significance, F(1,30) = 1.28, p = 

,266, indicating that, in contrast to Expriment 2, equivalent interference was observed on 

linguistic and prosodic tasks. Overall, there was 37 ms of interference on the linguistic 

task, and 69 ms of interference on the prosodic task. 

Dichotic Trials. Of greatest interest for the hypotheses is the cornparison of 

interference effects at left and right ears under dichotic conditions. Therefore, an ANOVA 

was canied out on just dichotic trials. This analysis revealed only the expected main effect 

of Task, F(1, 30) = 56.90, p < .001. However, severai interactions approached 

significance. The interaction of Hand and Congruency, F(1, 30) = 3.72, p = -063 reflected 

the fact that larger interference effects were observed with the lefi hand. This diffennce 

must be quaiified by the inexplicable finding of 60 ms of facilitation (incongruent trials 

faster than neutral trials) on the linguistic task in the nght ear of subjects who responded 

with the right hand. Most importantly, the interaction of Ear and Congruency, F(1,30) = 

3.79, p = .Ml, reflects greater interference overall in the left than in the right ear. This 

effect did not interact with Task. 

In sumary, greater interference was observed in the left ear than in the right ear, 

for both the linguistic and prosodic tasks. Furthemore, interference effects were larger in 

subjects who responded with the left hand. These findings cannot be reconciled with the 

shielding hypothesis of interhemispheric interaction. However, they are consistent with a 

callosal-chsuinel account if one assumes the mked modei of dichotic-listening performance, 

in which direct access is observed for prosodic processing, but callosal relay is necessary 



for linguistic processing. According to t h i s  model, when stimuli are presented to the right 

ear, both linguistic and prosodic dimensions are processed in the left hemisphere. It is in 

this within-hernisphere condition that interference is eliminated This pattern is particularly 

evident on the prosodic task (see Figure 5). The effect of response hand is also consistent 

with the caüosal-channel interpretation. It is when subjects are responding with the lefi 

hand that prosodic processing is most likely to occur in the right hemisphere, as both 

processing and output factors are biased toward the right. 

Error Rates 

Omnibus ANOVA. Percent errors were similarly analyzed in a 5-way ANOVA, 

with Task, Ear, Presentation, and Congmency as within-subjects variables, and Response 

Hand as a between-subjects variable. Ce11 means are presented in Table 3, and interference 

effects are plotted in Figures 4B and 5B. The omnibus ANOVA revealed main efiects of 

Task, F(1, 30) = 48-15? p < -00 1, Presentation, F(1,30) = 12.8 1, p < .O0 1, and 

Congruency, F(1, 30) = 60.87, p < -001, and a Type x Congruency interaction, F(l, 30) = 

9.94, p = . O 0 4  These effects al1 mirrored those in the RT data. A Task x Congruency 

interaction, F(1,30) = 22.5 1, p c -001 indicated that greater interference was observed on 

the prosodic than on the linguistic task. 

An interaction of Hand x Ear x Congruency was observed, F(1,30) = 4.85, p = 

.O35 In general, interference effects were larger in the left ear in subjects who responded 

with the left hand, but were larger in the right ear of subjects who responded with the nght 

hand. This effect interacted with Presentation, F(l, 30) = 4.19, p = .OS, such that it was 

observed only on dichotic triais. This Hand x Ear interaction suggests that interference 

effects are larger when callosal relay is not necessary for response execution. 

Binauml TMls. Analysis of the binaural trials revealed only the expected effects of 

Task, F( 1, 30) = 55.99, p < .O0 1, Congruency, F(1, 30) = 7.07, p = .O 12, and the Task x 

Congruency interaction, F(1,30) = 12.06, p = -002. There were no main effects or 



interactions involving ear, indicating that directed attention did not influence accuracy in the 

binaural condition. 

Dichotic Trials. Performance was compared on left- and right-ear dichotic trials. 

This analysis again revealed the effects of Task, F(1, 30) = 16.59, p < .001, Congruency, 

F(1, 30) = 8 1.06, p < .001, and the Task x Congruency interaction, F(1,30) = 12.96, p = 

-001. There was an interaction of Hand x Ear x Congruency, F(l, 30) = 7.00, p = .013, 

and there was a trend for this effect to interact with Task, F(1,30) = 3.20, p = .084. In 

subjects who responded with the left han& there was more interference at the lefi than at 

the right ear on both the linguistic and prosodic tasks. This pattern is consistent with that 

observed in the RT data, and with that predicted by the callosal channel hypothesis. 

However, in subjects who responded with the right hand, there was more interference at 

the left than at the right ear on the linguistic task, but more interference at the right ear than 

at the left ear on the prosodic task. 

The findings from the error data are not consistent with the shielding hypothesis of 

interhemispheric interaction. However, they are also less clearly supportive of the callosal 

channel hypothesis than are the RT data. The inconsistency between results in the RT and 

the error data in right-hand responders makes their data impossible to interpret. Expriment 

4 was designed to resolve these issues. 



EXPERIMENT4 

Experiment 4 was designed to provide converging evidence for the cailosal channel 

hypothesis using a slightly different procedure to examine interference between Linguistic 

and prosodic professes with binaurai and dichotic presentation. Given the response hand 

interactions that were observed in Experiment 3, response hand was balanced within 

subjects. Additionai practice trials were included whenever response hand changed, in 

order to help subjects adjust to the response mapping. 

The design of Expriment 4 was similar to that of Experiment 3, except that ear of 

report was cued on a trial by trial basis with a tone presented in the target ear, 450 ms 

before the onset of the stimulus. This manipulation served two purposes. It allowed for a 

replication of the findings of Experiment 3 using a different manipulation, and it allowed 

ear of report to Vary from trial to trial, so as to rninirnize any potential effects of attentional 

set such as specific hemispheric activation (Kinsboume, 1975). Again, dichotic and 

binaural trials were mixed. 

Method 

Participanrs 

Participants were 32 right-handed undergraduates from the University of Waterloo. 

None reported any history of hearing loss, and al1 were either native speakers of EngIish, 

or learned English before the age of 5. Subjects were paid for their participation. 

Stimuli and Apparaius 

Speech stimuli and the cornputer apparatus were the same as those describeci in 

Experiment 1. On dichotic triais, the stimulus was presented to the target ear, and the 

neutral word "fad" was presented to the opposite ear. Ear of report was cued with a 1ûûû 

Hz pure tone, 100 ms in duration, presented at a stimuius onset asynchrony (SOA) of 450 

ms. Binawal triais consisted of the identical stimulus in each ear. Binaural trials were aiso 

cued, although the cue was irrelevant for the purposes of report. 



Procedure. 

Each task manipulation (linguistic or prosdc identification) was preceded by 36 

binaural practice trials (to teach response mapping). Each task condition consisteci of 4 

blocks of 60 trials. Subjecîs responded with one hand for the fmt and second blocks, and 

the other hand for the third and fourth blocks. Earphones were reversed after the first and 

thkd blocks to control for mechaaical effects. Subjects performed 12 practice trials 

whenever response hand was changed. Within blocks, one half of the trials were dichotic, 

and one half were binaurai, and half were cued to each ear. Subjects identified the stimulus 

in the target ear as mad, sad, or glad, using the keys ml, [n], and [ml, respectively. Orders 

of task and initial response hand were counterbalanced across subjects. The expriment 

took approximateiy 40 minutes to complete. 

The design was a 2 Task (linguistic/prosodc) x 2 Congniency (neutraVincongruent) 

x 2 Presentation (dichotic/binaural) x 2 Attended Ear OeWright), x 2 Response Hand 

(lefthight) factorial ANOVA with IO triais per condition. 

Results and Discussion 

RTs were subjected to a simple recursive outlier procedure on a ce11 by ce11 basis, 

with a criterion of 3 standard deviations (Van Selst & Jolicoeur, 1994). Fewer than 1 % of 

data points were excluded on this basis. Analyses followed the same plan outlined in 

Experiment 3. 

Response Times 

Omnibus ANOVA. Mean RTs are presented in Table 6, and interference effects 

are presented in Figures 6A (linguistic task) and 7A (prosodie task). Results from the 5- 

way repeated measures ANOVA (Task x Ear x Resentation x Congmency x Response 

Hand) revealed effects of Task, F(1,30) = 97.3 1, p c .001, Congruency, F(l, 30) = 

32.88, p < -001, Task x Congruency, F(l, 30) = 4.26, p = .048, and Resentation, F ( l ,  

30) = 67.02, p < .001. These effects were al1 consistent with those observed in 

Experiment 3. The Task x Congruency effect interacted with both Ear, F(1, 30) = 1 1.40, p 



= .O02 and Hand, F(1,30) = 4.28, p = .047. The interaction with Ear indicated that there 

was greater interference when the cue was at the left ear than at the nght ear, on the 

prosodic task, but greater at the right than the left ear on the Linguistic task A similar 

interaction was observed with Response Hand. Greater interference was observed when 

subjects were responding with the left than with the right hand, and again this effect was 

limited to the prosodic task. 

Binuural Trials. Analysis of the binaural trials revealed no main effects or 

interactions involving Ear, suggesting that the iateralization of the tone cue did not affect 

processing on binaural trials. 

Dichdc Trials. Interference at left and right ears was compared in a 2 (Task) x 2 

(Ear) x 2 (Congruency) x 2 (Response Hand) ANOVA. This analysis revealed the 

expected main effect of Task F(1,30) = 78.78, p < .O0 1, and a Task x Ear x Congruency 

interaction, F(1,30) = 6.47, p = .O 16. This effect reflected greater interference at the lefi 

than in the right ear, but only on the prosodic task. This pattern of results is strîkingly 

sirnilar to that observed in Expriment 3, and is consistent with the callosal-channel account 

of interhemisphenc interference, if one assumes the rnixed model of dichotic-listening 

performance. According to this model, when the stimulus is in the right ear, both linguistic 

and prosodic dimensions are processed in the left hemisphere. It is under these conditions 

that interference is etiminated. Interference is greatest when the stimulus is in the left ear. 

Under these conditions, prosodic infornation is processed in the right hemisphere, and 

linguistic information is processed in the left hemisphere. Interference (and therefore 

integration) is maximal when the two dimensions are processed in opposite hemispheres. 

No interactions with response hand were observed. 



Table 6 

Experiment 4: Response Times as a Fiinctioti of Task, Congruency, Ear, and Response Hand (n=32) 

Left Hand Right Haiid 

Task Neutral Incongruent 1 nterference Neutra1 Iiicongruent Interference 
Mean S.D. Mean S.D. Mean S.B. Mem S.D. Mean S.D. Mean S.D. 

Linguistic 

Left Ear 939 

Binarira1 784 
I 

.b 
O RightEar 849 
I 

Prosodic 

LeftEar 1113 

Binaursl 102 1 

Right Ear 1 192 

Note, Interference is measured as [Incongruent-NeiitrnI) 

* p < .O5 (one-tailed) 



Right Ear 

L 

Left Hand Right Hand 

Left Ear 

Right Ear 

Left Hand Right Hand 

Linguistic Task 

Figure 6. Expriment 4: interference (in rns and % error) on the linguistic task as a 

function of ear and response hand. Interference = [Incongruent - Neutral]. 



Left H* Right H* 

Left Hand Right Hand 

Prosodic Task 

Right Ear 

Left Ear 

Right Ear 

Figure 7. Expriment 4: Interference in ms (A) and % emr (B) on the prosodic task as a 

function of ear and response hand. Interference = bcongment - Neutral]. 



En-or Rates 

Omnibus ANOVA. Mean error rates are presented in Table 7, and interference 

effects are plotted in Figures 6B (linguistic task) and 7B (prosodic task). The 5-way 

ANOVA reveded many significant effects. Effects were observed of Task, F(1,30) = 

9.22, p = -005, Ear, F(1, 30) = 14.74, p = .O0 1, Presentation, F(1, 30) = 7 1.65, p < 

.001, Congruency, F(1, 30) = 86.78, p < .001, Task x Ear, F(1, 30) = 13.90, p = .001, 

Task x Presentation, F(I, 30) = 9.19, p = . O S ,  Ear x Presentation, F(1, 30) = 16.44, p c 

.Oû 1, Ear x Congruency, F(1,30) = 12.76, p = .O0 1, Presentation x Congruency, F(1, 

30) = 30.42, p < .001, Task x Ear x Presentation, F(1, 30) = 15.24, p < .OOl, Task x Ear 

x Congruency, F(1,30) = 18.56, p < .001, Task x Presentation x Con,mency, F( 1, 30) = 

2 1.46, p < .O0 1, Ear x Presentation x Congruency , F(1,30)= 25.88, p < -00 1, and Task x 

Ear x Presentation x Congruency , F(1,30) = 6 1.52, p < .O0 1. 

Binuural Triah. Binaural trials were anaiyzed separately in order to assess the 

effects of left and right tone cues on interference. No main effects or interactions involving 

Ear were observeci, indicating that accuracy on binaural trials did not Vary as a function of 

the location of the tone cue. 

Dichotic Trials. Dichotic trials were analyzed in order to compare intederence when 

attending to the left and right ears. An Ear x Congruency interaction was observed, F(1, 

30) = 32.18, p < .O01 that further interacted with Task F(1, 30) = 59.36, p < .001. 

Interference was pater  in the left ear than in the right ear, but only for the prosodic task. 

This pattern of results is again similar to that observed in Experiment 3, and is consistent 

with a callosai channel account of interhemispheric interference if one assumes direct access 

for prosodic processing, and callosal relay for linguistic processing. In contrast with 

Experiment 3, no interactions involving response hand were observed. Response hand 

interactions in Experiment 3 rnay therefore have reflected group differences, or may have 

ken the result of using ihe sarne hand throughout the experiment. 





In sumrnary, the pattem of interference obsewed in Experirnent 4 is very similar to 

thai observed in Experiment 3. Generaily, mater interference was observed at the left than 

at the right ear, especially on the prosodic task. This pattern of results is not consistent 

with any interpretation of the shielding hypothesis, but is consistent with the callosal- 

channel account if one assumes a rnixed model of dichotic listening performance. 

Experiments 3 and 4 therefore provide converging evidence in support of the hypothesis 

that interference between linguistic and prosodic processes aises through interhemispheric 

communication. 



GENERAL DISCUSSION 

This series of experiments examined the interference between linguistic and 

prosodic processes in speech perception. Revious studies have demonstrated that these 

two dimensions are processed in opposite hemispheres (Bowers et al., 1987; Ley & 

Bryden, 1982) and Experiment 1 demonstrates that this complementary pattern of 

specialization maintains for the Stroophke stimuli employed in this study. Interference 

therefore reflects interhemispheric integrahon. 

Interference between linguistic and prosodic dimensions is asymmetric, that is, 

linguistic information interferes with prosdc processing more than prosodic information 

interferes with linguistic processing. However, modest interference was observed on the 

linguistic task in Experiment 2, and in severai conditions of Experiments 3 and 4. This 

fuiding argues against a simple speed-of-processing account of the interference effect, as 

prosodic identification is 200 - 3ûû ms slower than hguistic identification. Rather, it 

suggests that linguistic and prosodic information interact throughout the process of speech 

perception. 

These stimuli therefore meet the criteria outlined in the introduction in that they 

consist of two dimensions that are processed in opposite hemispheres and they interfere 

with each other. 

Experiments 3 and 4 were designed to compare interference that occurs within a 

hemisphere to that which occurs across hemispheres. The shielding hypothesis predicts 

greater intexfer~nce within than across hemispheres, whereas the cailosal channel 

hypothesis makes the opposite prediction. Results from Experiment 3 were sornewhat 

ambiguous, in that a different pattern of resu1ts was observed in the RT and in the error 

data for subjects who responded with the nght hand. Similarly, results from the linguistic 

task are difficult to interpret, in that facilitation was sometimes obsewed on incongruent 

trials, and interference effects were not reliable. The findings from lefi-hand responders on 

the prosodic task are consistent with the callosal channel hypothesis if one assumes a mixed 



mode1 of dichotic Iistening performance, in that interference was greater at the lefi ear than 

at the nght ear. Recall from Figure 1 that leftear presentation produces cross-hemisphere 

processing, but right-ear presentation produces within-hemisphere processing. 

The results fiom Expriment 4 are somewhat more straightforward, at least for the 

prosodic task. In both the RT and the error data, interference was greater at the left than at 

the right ear, a finding that is again consistent with the callosal channel hypothesis, and 

irreconcilable with the shielding hypothesis. Results from the linguistic task are again 

dificuit to interpret, because the interference effects are not reliabie. in Experiment 2, 

under normal binaural conditions, a smail amount of interference was observed on the 

linguistic task. In order to detect differences between ears under dichotic conditions one 

would have to egeatly increase the power of the experiment, either by using more subjects 

or more trials, or by increasing the amount of prosodic interference through probability 

manipulations or alteration of the stimuli. 

Bilarera l Processing Systerns 

Robertson's thwry was developed to explain the integration of global and local 

analyses in visual processing. She has proposed that there is a bilaterat visual processing 

network in which the left hemisphere component is biased toward local processing and the 

nght hernisphere component is biased toward global processing (Robertson, 1995). The 

two components of the network are connected by a dedicateà callosal communication 

channel that provides foroptimal integration of global and local analyses. 

The speech processing system bears some resemblance to the visual system as it 

relates to global and local processing. First, speech perception may be an analogous 

system, in that the two components of speech processing are lateraüzed to opposite 

hernispheres. A specialized interhemispheric communication channel would therefore 

provide optima1 inteoption of linguistic and prosodic information. 

Secondly, the relationship rnay be more concrete, in that both globalilocal 

interference and 1 inguis tidprosodic interference rnay be manifestations of a common 



mechanism. It has been argued that the globaVlocai dichotomy is a reflection of the 

hemispheres' difierda1 sensitivities to spatial fi-equency information (e.g., Hellige, 

1995). Specifically, the left hemisphere is specialized for the processing of relatively high 

spatial frequencies, whereas the right hemisphere is specialized for the processing of 

relatively low spatial fiequencies (Christman, Kitterle, & Hellige, 1991; Sergent, 1992) . 

It has recently been reported that there are hemispheric ciifferences in the professing of 

auàitory stimuli on the basis of temporal frequency that paralle1 those for visual stimuli 

(Ivry & Lebby, 1993). It has therefore been argued that the left hemisphere is tuned to 

high frequency information (spatial or temporal) and the nght hemisphere is tuned to low 

frequency information (Hellige, 1995). Note that phonological information is camed in the 

high temporal frequencies, and prosodic information is carried in the low temporal 

frequencies. Linguistic and prosodic components of speech may be auditory analogues of 

local and global components in visual processing. 

Consistent with this hypothesis is the finding that global interference is dissociable 

from global and local processing in patients. Damage to several cortical areas can result in 

the impairment of global or local judgments. However, it is only damage to the tempo-  

parietal junction (T-P) in either hemisphere that disrupts global interference. Global 

interference may therefore reflect the more general phenornenon of integration of high and 

low frequency information. This argument is fiuther suppomd by the fact that the T-P 

junction is a multi-modal association ma, nch in connections to al1 sensory systems 

(Robertson, 1995). It would be interesting to d e t e m e  if patients with darnage in this area 

(or split-brain patients) demonstrate reduced interference between linguistic and prosodic 

processes, as well as reduced global interference. 

The findings of this senes of experiments seem very counterintuitive. Robertson's 

hypothesis provides a theoretical frarnework that can explain the pattern of results. An 

alternative explanation can be found in Semws (1968) hypothesis that localization in the 

left hemisphere is highly modular, but representation in the right hemisphere is difise. If 



one assumed only direct assess, one would expect greater interference between two 

dimensions in the diffuse nght hemisphere (Ieft ear) than in the modular left hemisphere 

(right ex). However, this hypothesis does not hold for Stroop stimuli, as Stroop 

interference is greater in the rnoduiarued left hemisphere than in the diffuse nght 

hemisphere (Hugdahl & Franzon, 1985; Schmitt & Davis, 1974). 

However, linguistic/prosodic interference is unlike Stroop interference in many 

ways. 1 suggest that this is because it reflects the operation of an efficient, bilateral, 

processing mechanism, designed for the integration of both dimensions. One would hardly 

expect the development of a bilateral system for the integration of word and colour 

information. 

Whereas the present series of experiments examined linguistic/prosodic interference 

in normal subjects using dichotic listening techniques, the caliosal channel hypothesis was 

developed on the basis of findings with patients with unilaterai lesions and callosal 

disconnection. If global interference and linguistic interference are analogous (or even 

identical) mechanisms, converging evidence should be sought from patient studies of 

linguistic/prosodic integration, and experirnental studies of global interference in normals. 



Appendix A 

Expriment 1 : Individual Subject Data 









Experiment 1 : Prosadic Task 

Prosodic Task 

Left Ear Right Ear Absent 
i,d. Sex Target RT % error RT % error RT % error 

I m sad 171 1 44l 1389 45 1483 3 

2 f glad 1015 O 1009 O 1061 O 

4 m mad 89 1 38 849 38 988 O 

5 m glad 933 3 949 3 1 024 0 

6 m neutral 1109 42 1150 34 1091 46 

7 m mad 1554 38 1718 59 2082 8 

8 m sad 1250 32 1 056 2 1 1147 1 

9 m neu tral 2376 33 1879 13 2482 43 

10 m mad 1414 62 2672 76 984 3 

II in sad 1488 29 1407 39 1355 33 

Continued on next page 





Prosodic Task 

Left Ear Right Ear Absent 
id. Sex Target RT % error RT % error RT % error 

24 

25 

26 

27 

28 

29 

30 

3 1 

32 

Means 

g lad 

mad 

sad 

glad 

neu t ral 

mad 

sad 

g lad 

neu t ral 



Appendix B 

Experiment 2: Individuai Subject Data 



Experiment 2: Linguistic Task 

Lineuistic Task 

Congruent Facilitation Neutra1 In ter ference Incongruent 
i.d Sex RT % error RT % error RT % error RT % error RT % error 

Continued on next page 





Lin-uistic Task 

Congruent Facilitation New t r d  Interference Incongruen t 
i.d Sex RT % error RT % error RT % error RT % error RT % error 

Continued on next page 



Experiment 2: Prosodic Task 

Prosodic Task 

Congruent Facil itation Neutra1 In ter ference Incongruent 
i.d Sex RT % error RT % error RT % error RT % error RT % error 

Continued on next page 



Prosodic Task 

Congruent Facilitation Neutra1 Interference Incongruent 
i.d Sex RT % error RT % error RT % error RT % error RT % error 

Continued on next page 





Appendix C 

Expriment 3: Individual Subject Data 
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Linguistic Dichotic Task 

Left Ear 

Congruent Facilitation Neut ral In terference Incongruent 
i.d. Sex Hand RT % error RT % error RT % error RT % error RT % arror 

Means 840 4.1 -16 O. 8 856 3.3 13 3.8 869 7.1 

Continued on next page 



Linguistic Dichotic Task 

Right Ear 

Congruent Facilitation Neutral In ter ference Incongruent 
i.d. Sex Hand RT % error RT % error RT % error RT % error RT % error 

Continued on next page 







Linguistic Dicliotic Task 

Right Eir 

Congruent Facilitation Neutra1 Interference Incongruent 
i.d. Sex Hand RT % error R % error RT % error RT % error RT % error 

Continued on next page 
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W i s t i c  Binaural Task 

Right Ear 

Congruent Facilitation Neutra1 Inter ference Incongruent 
i.d. Sex Hand RT % error RT % error RT % error RT % error RT % error 

Means 743 O,$ - 12 -0.8 755 1.25 36 -0.5 79 1 0.75 







Prosodic Dichotic Task 

Left Ear 

Congruent Facilitation Neu t ral Interference Incongruent 
id. Sex Hand RT % error RT % error RT % error RT % error RT % error 

Coniinued on next page 



Prosodie Dichotic Ta& 

Left Ear 

Congruent Facilitation Neutra1 In terference Incongruent 
i.d. Sex Hand RT % error RT % error RT % error RT % errer RT % errer 

Continüed on next page 





Prosodic Dichotic Task 

Right Eür 

Congruent Facilitation Neutrd Inter ference Incongruent 
i.d. Sex Harid RT % error RT % error RT 9% error RT % error RT % error 

Continued on next page 
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Prosodic B inaural Task 

Left Ear 

Congruent Facilitation Neut ral Interference Incongruent 
i.d. Sex Hand RT % error RT % error RT % error UT % error RT % error 

30 f I 99 1 O -66 0.0 1057 O 97 8.0 1154 8 

31 f r 801 16 -60 16.0 86 1 O 137 16.0 998 16 

32 f I 989 O -2 1 -8.0 1010 8 70 8 .O l 080 16 

Means 99 1 1.8 -3 1 - 1.8 1023 3.5 80 4.1 1102 7.6 

Continued on next page 
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Prosodic Binaural Task 

Right Ear 

Congruent Facilitation Neutral Interference Incongruent 
i.d. Sex Hand RT % error RT % error RT % error RT % error RT % error 



Appendix D 

Expriment 4: Individual Subject Data 
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Linauisitic Dichotic Task - Rieht Hand. R i ~ h t  Ear 

Congruent Facilitation Neutral Interference Incongruent 
i.d. Sex RT % Error RT % Error RT % Error RT % Error RT % Error 
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Prosodic Binaural Task - Left Hand. Left Ear 

Congruent Facilitation Neutra1 Interference Incongruen t 
i.d. Sex RT % Error RT % Error RT 5% Error RT % Error RT % Error 
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Prosodic Dichotic Task - Rirrht Hand. Right Ear 

Congruent Facilitation Neutra1 Interference Incongruent 
i.d. Sex RT % Error RT % Error RT % Error RT % Error RT % Error 
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