











!

LS

v










EFFICACY AND EFFECTIVENESS OF CIs

RESEARCH ON SPOKEN LANGUAGE PROCESSING
Progress Report No. 28 (2007)
Indiana University

Efficacy and Effectiveness of Cochlear Implants in Deaf Children'

David B. Pisoni,’ Christopher M. Conway, William Kronenberger,2
David L. Horn,” Jennifer Karpicke and Shirley Henning’

Speech Research Laboratory
Department of Psychological and Brain Sciences
Indiana University
Bloomington, Indiana 47405

! The research described in this chapter was supported by NIH-NIDCD Training Grant T32DC00012 and NIH-NIDCD Research
Grants RO1DC00111, NIH-NIDCD R01DC00064 to Indiana University. We thank Luis Hernandez and Darla Sallee for their
help and assistance on various phases of this work over the years. Chapter to appear in M. Marschark and P. Hauser (Eds.), “Deaf
Cognition: Foundations and Outcomes” in 2008.

? Indiana University School of Medicine, Indianapolis, IN.



P1soNI, CONWAY, KRONENBERGER, HORN, KARPICKE AND HENNING

Efficacy and Effectiveness of Cochlear Implants in Deaf Children

Abstract. A large body of clinical research over the last decade demonstrates that
cochlear implants work and provide significant speech and language benefits to
profoundly deaf adults and prelingually deaf children. The most challenging research
problem today is that cochlear implants do not work equally well for everyone who has
a profound hearing loss and cochlear implants frequently do not provide much benefit
at all under highly degraded listening conditions. Some individuals do extremely well
on traditional audiologic outcome measures with their cochlear implants when tested
under benign listening conditions in the clinic and research laboratory while others
have much more difficulty. However, all patients with cochlear implants uniformly
have difficulty in a number of challenging perceptual domains such as: listening in
noise, talking on the telephone, localizing sounds, recognizing familiar voices and
different dialects, identifying environmental sounds and listening to music. The
enormous variability in outcome and benefit following implantation is not surprising
because none of the current generation of cochlear implants successfully restores
normal hearing or supports robust speech perception and spoken language processing
across all of these difficult and highly variable listening conditions. The traditional
outcome measures of audiologic benefit were never designed to assess, understand or
explain individual differences in speech perception and spoken language processing. In
this chapter, we summarize recent findings that suggest several promising new
directions for understanding and explaining variability in outcome and benefit after
implantation. These results have implications for the design of new cochlear implants
as well as the development of radically new approaches to intervention, training and
habilitation following implantation.

Introduction

One aspect of our research program at the Indiana University School of Medicine has been
concerned with understanding the large individual differences in speech and language outcomes in deaf
children who have received cochlear implants (CIs). We are interested in explaining and predicting the
enormous variability observed in a wide range of conventional measures of speech and language
following cochlear implantation. The degree of variation in clinical outcome measures is enormous and is
a robust finding observed universally at all implant centers around the world. The variability observed in
outcome and benefit following cochlear implantation remains a significant problem for both clinicians
and researchers alike. Why do some profoundly deaf children do so well with their CIs and why do other
children do more poorly? The problem of individual differences in outcome and benefit is a major
clinical issue in the field that has been addressed repeatedly over the years by the two earlier NIH
Consensus Conferences on CIs (1988, 1995).

Despite the importance of understanding and explaining variability and individual differences
following CI, very little solid progress has been made in identifying the neurobiological substrates and
cognitive factors that are responsible for individual variation in speech and language outcomes.
Knowledge and understanding of these factors and the information-processing subsystems that are
affected by profound deafness and language delay is critical for diagnosis, prediction and treatment and
for explaining why some children do poorly with their Cls. Several reasons can be proposed for the
unsatisfactory state of affairs concerning variability and individual differences.
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First, most of the people who work in the field of hearing impairment and ClIs are clinicians. The
CI surgeons, audiologists and speech language pathologists are primarily interested in the medical care of
the patient and demonstrating the efficacy of Cls as a medical treatment for profound deafness. For them,
individual differences and variability in speech and language outcome are viewed as a source of
undesirable noise, a “nuisance variable” so to speak, that needs to be reduced or eliminated in order to
reveal the true underlying benefits of cochlear implantation. When a child does well with his or her CI,
the family, clinical team, teachers and other professionals are all delighted with the outcome. However,
when a child does poorly with an implant, the clinical team is at a loss to explain the anomaly or suggest
alternatives about what to do next. At the present time, given the nature of the clinical research carried
out on Cls, it is unclear even how to approach the study of individual differences in this clinical
population. What factors are responsible for the individual differences in outcome and benefit? What
behavioral and neurocognitive domains should be investigated? What kinds of measures should be
obtained? What theoretical approach should be adopted to study this problem?

Second, the conventional battery of speech and language tests that is routinely administered to
measure clinical outcome and benefit was developed by the CI manufacturers to establish efficacy as part
of the clinical trials for FDA approval. These behavioral tests were never designed to measure individual
differences or assess variability in outcome. Moreover, and perhaps more importantly, the foundational
assumptions and theoretical framework underlying the selection and use of the conventional speech and
language outcome measures that speech perception and spoken language processing recruit formal rules
and context-free symbolic representations is now being seriously questioned and undermined. The
formalist assumption that everyone comes up with the same grammar of language despite vastly different
individual developmental histories has been questioned in recent years in light of new knowledge about
brain structure and function and the development of adaptive self-organizing systems like speech and
language. The old static views of language as an idealized homogeneous context-free system of abstract
linguistic knowledge are being replaced by new conceptions linking mind, body and world together in a
complex interactive system (Clark, 1997).

Third, because the primary focus of most of the research on CIs has been clinical in nature, that
is, demonstrating efficacy and safety and establishing that CIs work well under quiet testing conditions in
the clinic or research laboratory, the typical battery of conventional behavioral tests only provide
measures of the final “product” or “end-point” of a long series of neural and cognitive processes. All of
the current outcome measures routinely used in the clinic and research laboratory rely on accuracy and
percent correct as the primary dependent variable to assess performance and document benefit following
cochlear implantation. Unfortunately, end-point measures of performance while they have strong face
validity and are used successfully to demonstrate efficacy of Cls, are fundamentally unable to measure
and assess the underlying elementary information processing variables like speed, capacity, learning and
memory, inhibition, attention, cognitive control and the neurocognitive operations that are used in
performing the specific individual behavioral tasks used to assess the benefits of Cls.

In addition, because the field of clinical audiology is an applied science drawing knowledge and
methods from several different related disciplines, there is no common integrated theoretical framework
to motivate the choice of specific outcome measures and tests, interpret the results and findings, provide
explanations or make predictions. Without the benefit of a well-defined conceptual framework and
additional theoretically-motivated “process-based” measures of performance, it is impossible to gain any
new knowledge about the underlying neural and neurocognitive factors that are responsible for the
observed variability in the traditional audiological outcome measures of performance. Without knowing
what factors are responsible for the individual differences and understanding the basis for variation in
performance, it is difficult to motivate and select a specific approach to habilitation and therapy after
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cochlear implantation. Moreover, all of the clinical research on CIs has been primarily descriptive in
nature and not experimentally motivated by hypothesis testing or specific predictions leading to
understanding and explanation of process and mechanism. The bulk of CI research has focused on
medical, demographic and educational factors, not the underlying neurobiological or neurocognitive
processes that link brain and behavior.

Given what we know about population variability in biology, it is very likely that deaf children
who are performing poorly with their cochlear implants are a heterogeneous group that differs in
numerous ways from each other reflecting dysfunction of multiple processing systems associated with
deafness and language delays. Adopting a common uniform approach to assessment, therapy and
habitation after cochlear implantation will be inadequate to accommodate a wide range of individual
differences and subtypes in outcome and benefit. Without knowing how and why poorer performers
differ from each other and from the exceptionally good performers, as well as typically-developing
hearing children, it is difficult to establish realistic goals and generate expectations for treatment and
intervention following implantation. Moreover, it is unlikely that an individual child will be able to
achieve optimal benefits from his/her implant without knowing why this child is having problems and
what specific neurocognitive domains are involved.

Deaf Children as a “Model System” for Development. Two reasons motivate our interest in
studying deaf children with CIs. The first is clinical in nature. ClIs provide a medical treatment for
profound deafness and have been shown to facilitate the development of spoken language. Without some
kind of medical or behavioral intervention, a profoundly deaf child will not learn language normally from
caretakers in his or her surrounding environment and will be unable to achieve his/her full intellectual
potential as productive members of society. No one argues with this reason for studying deaf children.
Sensory deprivation is a significant neurodevelopmental problem that has lasting and permanent effects
on brain development and intellectual achievement. A profound hearing loss at birth is uniformly viewed
by hearing people as a clinically significant sensory disability, an impairment that affects cognitive,
social and intellectual development. Almost all of the clinical research on Cls has been concerned with
device efficacy, that is, demonstrating that CIs work and provide benefit to profoundly deaf children and
adults. In contrast, very little research has been devoted to effectiveness and, specifically, to
understanding the reasons for the enormous variability in outcome and benefit following implantation.

When considering the efficacy of a treatment or intervention, we mean the power to produce a
desired effect in an individual, that is, does a CI work and provide benefit to a profoundly deaf person? In
contrast, when considering the effectiveness of a treatment or intervention, we mean actually producing
the expected effect, that is, does a CI work equally well and provide the desired benefit in everyone who
is a candidate and receives a CI?

A second major reason for our interest in studying deaf children with Cls is more basic in nature
in terms of theoretical implications for gaining fundamental new knowledge about learning, development
and neural plasticity. Deaf children with CIs represent a unique and unusual clinical population because
they provide an opportunity to study brain plasticity and neural reorganization after a period of auditory
deprivation and a delay in language development. In some sense, the current research efforts on deaf
children with CIs can be thought of as the modern equivalent of the so-called “forbidden experiment” in
the field of language development but with an unusual and somewhat unexpected and positive
consequence. The forbidden experiment refers to the proposal of raising a child in isolation without
exposure to any language input in order to investigate the effects of early experience on language
development. These kinds of isolation experiments are not considered ethical with humans although they
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are a common experimental manipulation with animals to learn about brain development and neural
reorganization in the absence of sensory input.

Following a period of sensory deprivation from birth, a medical intervention is now available
that can be used to provide a form of “electrical” hearing to a congenitally deaf child. A CI provides
electrical stimulation to the auditory system, the brain and nervous system, therefore facilitating
development of the underlying neurobiological and cognitive systems used in speech and language
processing as well as other domains of neuropsychological function.

The current population of deaf children who use cochlear implants also provides an unusual
opportunity for developmental scientists to study the effects of early experience and activity-dependent
learning and to investigate how environmental stimulation and interactions with caretakers shapes the
development of perception, attention, memory, and a broad range of other neurocognitive processes such
as sensory-motor coordination, visual-spatial processing and cognitive control, all of which may be
“delayed” or “reorganized” as a consequence of a period of early auditory deprivation resulting from
congenital or prelingual deafness prior to implantation and the associated delays in language
development. When viewed in this context, the clinical and theoretical implications of research on deaf
children with CIs are quite extensive. Research on this clinical population will contribute new knowledge
and understanding about important contemporary problems in cognitive development and developmental
cognitive neuroscience.

Perceptual Robustness of Speech. Research on deaf children who use CIs will also contribute
new knowledge about perceptual learning and adaptation in speech perception and spoken language
understanding. The most distinctive property of human speech perception is its perceptual robustness in
the face of diverse physical stimulation over a wide range of environmental conditions that produce
significant changes and perturbations in the acoustic signal. Hearing listeners adapt very quickly and
effortlessly to changes in speaker, dialect, speaking rate and speaking style and are able to adjust rapidly
to acoustic degradations and transformations such as noise, filtering, and reverberation that introduce
significant physical changes to the speech signal without apparent loss of performance (Pisoni, 1997).
Investigating the perceptual, neurocognitive and linguistic processes used by deaf listeners with CIs and
understanding how hearing listeners recognize spoken words so quickly and efficiently despite enormous
variability in the physical signal and listening conditions will provide fundamental new knowledge about
the sources of variability in outcome and benefit in patients who use Cls.

What is a Cochlear Implant? A cochlear implant is a surgically implanted electronic device
that functions as an auditory prosthesis for a patient with a severe to profound sensorineural hearing loss.
The device provides electrical stimulation to the surviving spiral ganglion cells of the auditory nerve
bypassing the damaged hair cells of the inner ear to restore hearing in both deaf adults and children. The
device provides patients with access to sound and sensory information from the auditory modality.

The current generation of multi-channel cochlear implants consist of an internal multiple
electrode array and an external processing unit. The external unit consists of a microphone that picks up
sound energy from the environment and a signal processor that codes frequency, amplitude and time and
compresses the signal to match the narrow dynamic range of the ear. Cochlear implants provide temporal
and amplitude information. Depending on the manufacturer, several different place coding techniques are
used to represent and transmit frequency information in the signal.

For postlingually profoundly deaf adults, a CI provides a transformed electrical signal to an
already fully developed auditory system and intact mature language processing system. Postlingually
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deaf patients have already acquired spoken language under typical listening conditions so we know their
central auditory system and brain have developed normally. In the case of a congenitally deaf child,
however, a CI provides novel electrical stimulation through the auditory sensory modality and an
opportunity to perceive speech and develop spoken language for the first time after a period of auditory
deprivation.

Congenitally deaf children have not been exposed to speech and do not develop spoken language
normally. Although the brain and nervous system continue to develop and mature in the absence of
auditory stimulation, there is now increasing evidence suggesting that some cortical reorganization has
already taken place during the period of sensory deprivation before implantation and that several aspects
of speech and language as well as other cognitive processes and neural systems may be delayed and/or
disturbed and develop in an atypical fashion after implantation. Although both peripheral and central
differences in neural and cognitive function are likely to be responsible for the wide range of variability
observed in outcome and benefit following implantation, increasing evidence suggests that the enormous
variability in outcome and benefit following cochlear implantation cannot be explained as a simple
sensory impairment in detection and/or discrimination of auditory signals. Other more complex cognitive
and neural processes are involved.

Cochlear Implants Do Not Restore Normal Hearing. Although CIs work reasonably well with
a large number of profoundly deaf children and adults under quiet listening conditions, it is important to
emphasize that CIs do not restore normal hearing and they do not provide support for the highly-adaptive
robust speech perception and spoken language processing routinely observed in hearing listeners under a
wide range of challenging listening conditions. The difficulties consistently reported by CI patients under
difficult listening conditions are both theoretically and clinically important because they reflect
fundamental differences between acoustic hearing and electrical stimulation of the auditory system.
These difficulties demonstrate that the rapid adaptation, tuning and continuous adjustment of the
perceptual processes that are the hallmarks of robust speech perception by hearing listeners have been
significantly compromised by the processing and stimulation strategies used in the current generation of
CIs as well as any neural reorganization that may have taken place before implantation.

While everyone working in the field acknowledges the difficulties that CI patients have listening
in noise, these problems are not explicitly discussed extensively in the literature nor are they considered
to be major research questions. Because of their fundamental design, Cls create highly degraded
“underspecified” neural representations of the phonetic content and indexical properties of speech which
propagates and cascades to higher processing levels. Although the degraded electrical signal can often be
interpreted by most deaf listeners as human speech and can support spoken word recognition and lexical
access under quiet listening conditions, the fine episodic acoustic-phonetic details of the original speech
waveform are not reliably reproduced or transmitted to the peripheral auditory nerve, central pathways or
higher cortical areas that are used for recognition, categorization and lexical discrimination and selection.
Moreover, the internal perceptual spaces that are used to code and represent linguistic contrasts are
significantly warped and deformed in ideopathetic ways by the unique pathology of each individual
patient (Harnsberger et al., 2001). When confronted with different sources of variability which transform
and degrade the speech signal in various ways, patients with Cls often have a great deal of difficulty
perceiving speech and understanding the linguistic content of the talkers’ intended message.

The speech perception and spoken word recognition problems experienced by patients with Cls
also reflect impairments and disturbances in the neural circuits and categorization strategies that are
routinely used to compensate and maintain perceptual constancy in the face of variability in the speech
signal. Hearing listeners routinely have similar problems in noise and under high cognitive load but they
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can cope and overcome the variability and degradation. In some cases, such as listening in high levels of
noise or against a background of multi-talker babble, patients are unable to derive any benefits at all from
their CI and often turn their device off because the speech signal is unpleasant or becomes an aversive
stimulus to them.

Key Findings on Outcome and Benefit Following Cochlear Implantation

What do we know about outcome and benefit in deaf children with CIs? Table I lists seven key
findings that have been observed universally at all implant centers around the world. These findings
indicate that a small number of demographic, medical and educational factors are associated with speech
and language outcome and benefit following implantation. In addition to the enormous variability
observed in these outcome measures, several other findings have been consistently reported in the
clinical literature on cochlear implants in deaf children. An examination of these findings provides some
initial insights into the possible underlying cognitive and neural basis for the variability in outcome and
benefit among deaf children with cochlear implants. When these contributing factors are considered
together, it is possible to begin formulating some more specific hypotheses about the reasons for the
variability in outcome and benefit.

Table I

Key Findings on Outcome and Benefit Following Cochlear Implantation

e Large Individual Differences in Outcomes

e  Age of Implantation (Sensitive Periods)

e  Effects of Early Experience (Auditory-Oral vs. Total Communication)
e  No Preimplant Predictors of Outcome

e  Abilities "Emerge” after Implantation (Learning)

e "Cross-Modal Plasticity” and “Neural Reorganization”

e Links Between Speech Perception & Production

Much of the past research on CI’s has been concerned with questions of assessment and device
efficacy using outcome measures that were based on traditional audiological criteria. These clinical
outcome measures included a variety of hearing tests, speech discrimination, word recognition and
comprehension tests, as well as some standardized vocabulary and language assessments as well as other
assessments of speech production, articulation and speech intelligibility. The major focus of most clinical
research has been concerned with the study of demographic variables as predictors of these outcome
measures. The available evidence suggests that age at onset of deafness, length of deprivation and age at
implantation are all strongly associated with the traditional audiological outcome measures (Fryauf-
Bertschy et al., 1997; Osberger, Miyamoto, Zimmerman-Phillips et al., 1991; Staller, Pelter,
Brimacombe, Mecklenberg, & Arndt, 1991; Waltzman et al., 1994, 1997).

Age at Implantation. Age at implantation has been shown to influence all outcome measures of
performance. Children who receive an implant at a young age do much better on a whole range of
outcome measures than children who are implanted at older ages. Length of auditory deprivation or
duration of deafness is also related to outcome and benefit. Children who have been deaf for shorter
periods of time before implantation do much better on a wide variety of clinical measures than children
who have been deaf for longer periods of time. Both findings demonstrate the contribution of sensitive
periods in sensory, perceptual, and linguistic development and serve to emphasize the close links that
exist between neurobiological development and behavior, especially development of hearing, speech and
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spoken language and the neural systems that support these processes (Ball & Hulse, 1998; Konishi, 1985;
Konishi & Nottebohm, 1969; Marler & Peters, 1988).

Effects of Early Experience. Early sensory and linguistic experience and processing activities
after implantation have also been shown to affect performance on a wide range of outcome measures.
Deaf children who are immersed in “auditory-oral” communication environments after implantation do
much better on a wide range of clinical tests of speech and language development than deaf children who
are enrolled in “total communication” programs (Kirk, Pisoni, & Miyamoto, 2000). Auditory-oral
communication approaches emphasize the use of speech and hearing skills and actively encourage
children to produce spoken language to achieve optimal benefit from their implants. Total
communication approaches employ the simultaneous use of some form of manual-coded English (i.e.,
Signed-Exact English) along with speech to help the child acquire language using both sign and spoken
language inputs. The differences in performance between groups of children who are immersed in
auditory-oral or total communication education settings are observed in both receptive and expressive
language tasks that involve the use of phonological coding and rapid phonological processing skills such
as open-set spoken word recognition, language comprehension and measures of speech production,
especially measures of speech articulation and intelligibility, expressive and receptive language
development and nonword repetition skills (Pisoni et al., 2000).

Preimplant Predictors. Until recently, clinicians and researchers were unable to find reliable
preimplant predictors of outcome and success with a CI (see, however, Bergeson & Pisoni, 2004; Horn et
al., 2005 a,b; Tait, Lutman & Robinson, 2000). The absence of preimplant predictors is a theoretically
significant finding because it suggests that many complex interactions take place between the newly
acquired sensory capabilities of a child after a period of auditory deprivation, properties of the language-
learning environment and various interactions with parents and caregivers that the child is exposed to
after implantation. More importantly, however, the lack of reliable preimplant predictors of outcome and
benefit makes it difficult for clinicians to identify those children who may be at risk for poor outcomes
with their CI at a time in perceptual and cognitive development when changes can be made to modify and
improve their language processing skills.

Learning, Memory and Development. Finally, when all of the outcome and demographic
measures are considered together, the available evidence strongly suggests that the underlying sensory,
perceptual and cognitive abilities for speech and language “emerge” after implantation. Performance with
a CI improves over time for almost all children. Success with a CI therefore appears to be due, in part, to
perceptual learning and exposure to a language model in the environment. Because outcome and benefit
with a CI cannot be predicted reliably from conventional clinical audiological measures obtained before
implantation, any improvements in performance observed after implantation must be due to sensory and
cognitive processes that are linked to maturational changes in neural and cognitive development (see
Sharma, Dorman & Spahr, 2002).

Although traditional demographic factors are associated with a large portion of the variance in
outcomes, there are still substantial gaps in our basic knowledge of how the electrical stimulation
provided by a CI works in the brain. Moreover, several other neurocognitive factors related to the
“information processing” capacities of the children have also been found to contribute to outcome. These
cognitive information processing factors involve the sensory and perceptual encoding of speech, the
storage, maintenance and processing of phonological and lexical information in short-term memory and
the coordination, integration and connectivity of multiple brain systems as well as response output
processes.

10
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Our current working hypothesis about the source of individual differences in outcome following
cochlear implantation is that while some proportion of the variance in performance is associated with
peripheral factors related to audibility and the initial sensory encoding of the speech signal into
“information-bearing” sensory channels in the auditory nerve, several additional sources of variance are
associated with more central cognitive and linguistic factors that are related to perception, attention,
learning, memory, and cognitive control. How a deaf child uses the initial sensory input from the CI and
the way the environment modulates and shapes language development are fundamental research
problems in cognitive neuroscience and cognitive psychology. These problems deal with sensory and
perceptual encoding, verbal rehearsal, storage and retrieval of phonetic and phonological codes and the
transformation and manipulation of phonological and neural representations of the initial sensory input
used in a wide range of language and neuropsychological processing tasks. In addition to these issues
which are related directly to language and language processing activities, there are also a set of additional
questions that deal with the organization and integration of sensory and motor information from multiple
brain regions and the processes involved in coordination and interconnectivity of these neural systems.

Moreover, as summarized in the sections below, several converging sources of evidence suggest
that other neural systems and circuits secondary to deafness and hearing loss may also be disturbed by
the absence of sound and auditory stimulation early in development before implantation takes place.
Because of the rich interconnections of sensory and motor systems and auditory and visual signals in the
brain, there are additional reasons to suspect that the absence of sound and delays in language during
early development produce effects on processes that are not necessarily related to the early sensory
processes of hearing and audition. These processes are uniquely associated with the development of
neural circuits in the frontal cortex that are involved with executive function and cognitive control
processes, such as allocation of conscious attention and control, self-regulation, monitoring of working
memory, temporal coding of patterns, particularly memory for sequences and temporal order information,
inhibition, planning and problem solving and the ability to act on and make use of prior knowledge and
experiences in the service of perception, learning, memory and action.

To investigate individual differences and the sources of variation in outcome, we began by
analyzing a set of data from a long-term longitudinal project on CIs in children (see Pisoni et al., 1997,
2000). Our first study was designed to study the “exceptionally” good users of Cls—the so-called
“Stars.” These are the children who did extremely well with their Cls after only two years of implant use.
The “Stars” acquired spoken language quickly and easily and appeared to be on a developmental
trajectory that parallels hearing children although delayed a little in time (see Svirsky et al., 2000). The
theoretical motivation for initially studying the exceptionally good children was based on an extensive
body of research on “expertise” and “expert systems” theory in the field of cognitive psychology
(Ericsson & Smith, 1991). Many novel insights have come from studying expert chess players,
radiologists and other individuals who have highly developed skills in specific knowledge domains.

Correlations Among Outcome Measures. The results of these analyses revealed that the
exceptionally good performers did well on measures of speech feature discrimination, spoken word
recognition and language comprehension. They also did well on other tests of receptive and expressive
language, vocabulary knowledge and speech intelligibility (see Pisoni et al., 1997; 2000). Until our
investigation of the exceptionally good CI users, no one had studied individual differences in outcome in
this clinical population or investigated the underlying perceptual, cognitive and linguistic processes.

To assess the relations between these different clinical tests, we carried out a series of

correlations on the speech perception scores and several of the other outcome measures. We were
interested in whether a child who performs exceptionally well on the Phonetically Balanced Kindergarten

11
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test (PBK) (Haskins, 1949) also performs exceptionally well on other tests of speech feature
discrimination, word recognition and comprehension? Is the exceptionally good performance of these
children restricted only to open-set word recognition tests or is it possible to identify a common
underlying variable or core process that can account for the relations observed among the other outcome
measures?

Correlations were carried out separately for the “Stars” and “Low-Performers” using the test
scores obtained after one year of implant use (see Pisoni et al., 1997; 2000 for the full report). The results
revealed a strong and consistent pattern of intercorrelations among all of the test scores for the “Stars.”
This pattern was observed for the speech perception tests as well as vocabulary knowledge, receptive and
expressive language and speech intelligibility. The outcome measures that correlated the most strongly
and most consistently with the other tests were scores on the Lexical Neighborhood Test (LNT), another
open-set spoken word recognition test (Kirk, Pisoni & Osberger, 1995).

The finding that performance on open-set spoken word recognition was strongly correlated with
all of the other outcome measures is theoretically important because it suggested that the pattern of
intercorrelations among all these dependent measures reflects a shared common underlying source of
variance. The extremely high correlations with the open-set word recognition scores on the LNT
suggested that the common source of variance may be related to the perception and processing of spoken
words, specifically, the rapid encoding, storage, retrieval and manipulation of the phonological
representations of spoken words in working memory.

Process measures of performance that assess what a child does with the sensory information
provided by his/her CI were not part of the standard research protocol used in our longitudinal study so it
was impossible at that time to examine differences in information processing capacity, speed, learning,
memory, attention or cognitive control (see Pisoni, 2000). It is very likely that fundamental differences in
processing capacity and speed are responsible for the individual differences observed between these two
groups of children. Differences in learning, memory, attention and cognitive control may also contribute
to the variance in outcome and benefit. These types of measures are not routinely collected at most CI
centers as part of the routine clinical assessment of CI patients.

For a variety of theoretical reasons, we redirected our research efforts to study “working
memory” in deaf children with CIs. One reason for pursuing this particular research direction is that
working memory processes have been shown to play a central role in human information processing
(Cowan, 2005). Working memory serves as the primary “interface” between sensory input and stored
knowledge and procedures in long-term memory. Another reason is that working memory has also been
found to be a major source of individual differences in processing capacity across a wide range of
information processing domains from perception to memory to language (Ackerman, Kyllonen &
Roberts, 1999; Baddeley, Gathercole, & Papagno, 1998; Carpenter, Miyake & Just, 1994; Gupta &
MacWhinney, 1997; see Bavelier, Supalla, & Newport, in press).

Process Measures of Performance

Immediate Memory Capacity. Measures of immediate memory capacity were obtained from a
group of 176 deaf children following cochlear implantation in a study carried out in collaboration with
Ann Geers and her colleagues at Central Institute for the Deaf (CID) in St. Louis (Geers, Brenner &
Davidson, 2003; Pisoni & Geers, 2001). Geers et al. had a large-scale clinical research project already
underway and they collected a large number of different outcome measures of speech, language and

12
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reading skills from 8 and 9 year old children who had used their CIs for at least three and one-half years.
Thus, chronological age and length of implant use were controlled in their study.

Using the test lists and procedures from the WISC III (Wechsler, 1991), forward and backward
auditory digit spans were obtained from four groups of 45 deaf children who were tested separately
during the summers of 1997, 1998, 1999 and 2000. Forward and backward digit spans were also
collected from an additional group of 45 age-matched hearing 8- and 9- year old children who were
tested in Bloomington, Indiana, and served as a comparison group.

The WISC-III memory span task requires the child to repeat back a list of digits that is spoken
live-voice by an experimenter at a rate of approximately one digit per second (WISC-III Manual,
Wechsler 1991). In the “digits-forward” condition, the child was required to repeat the list as heard. In
the “digits-backward” condition, the child was told to “say the list backward.” In both subtests, the lists
begin with two items and increase in length until a child gets two lists incorrect at a given length, at
which time testing stops. Points are awarded for each list correctly repeated with no partial credit for
incorrect recall.

A summary of the digit span results for all five groups of children is shown in Figure 1. Forward
and backward digit spans are shown separately for each group. The children with CIs are shown in the
four panels on the left by year of testing; the hearing children are shown on the right. Each child’s digit
span in points was calculated by summing the number of lists correctly recalled at each list length.
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Figure 1. WISC digit spans scored by points for the four groups of 8- and 9-year old children with
cochlear implants and for a comparison group of 8- and 9-year-old hearing children. Forward digit
spans are shown by the shaded bars, backwards digit spans by the open bars. Error bars indicate
one standard deviation from the mean (Adapted from Pisoni & Cleary, 2003).

The forward and backward digit spans obtained from the group of age-matched hearing children
are shown in the right-hand panel of Figure 1. These results show that the digit spans for the hearing
children differ in several ways from the spans obtained from the children with Cls. First, both forward
and backward digit spans are longer for the hearing children than the children with CIs. Second, the
forward digit span for the hearing children is much longer than the forward digit spans obtained from the
children with CIs. This latter finding is particularly important because it demonstrates for the first time
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that the short-term immediate memory capacity of deaf children with ClIs is atypical and suggests several
possible differences in the underlying processing mechanisms that are used to encode and maintain
verbal information in immediate memory (Pisoni & Cleary, 2003; Pisoni & Geers, 2001).

Numerous studies have suggested that forward digit spans reflect coding strategies related to
phonological processing and rehearsal mechanisms used to maintain verbal information in short-term
memory for brief periods of time before retrieval and output response. Differences in backward digit
spans, on the other hand, are thought to reflect the contribution of controlled attention and the operation
of higher-level “executive” processes that are used to transform and manipulate verbal information for
later processing operations (Rosen & Engle, 1997; Rudel & Denckla, 1974).

The digit spans for the hearing children shown in Figure 1 are age-appropriate and fall within the
published norms for the WISC III. However, the forward digit spans obtained from the children with Cls
are atypical and delayed and suggest possible differences in encoding and/or verbal rehearsal processes
used to maintain phonological information in immediate memory. These differences may cascade and
influence other information processing tasks that make use of working memory and verbal rehearsal
processes. Because all of the clinical tests that are routinely used to assess speech and language outcomes
in this clinical population rely heavily on component processes of working memory, verbal rehearsal and
cognitive control, it seems reasonable to assume that these tasks will also reflect variability due to basic
differences in immediate memory and processing capacity.

Correlations with Digit Spans. To learn more about the differences in auditory digit span and
the limitations in processing capacity, we examined the correlations between forward and backward digit
spans and several traditional speech and language outcome measures that were also obtained from these
children as part of the larger clinical project at CID (see Pisoni & Cleary, 2003). Of the various
demographic measures available, the only one that correlated strongly and significantly with digit span
was the child’s communication mode. Children who were in educational environments that primarily
emphasized auditory-oral skills displayed longer forward digit spans than children who were in total
communication environments. However, the correlation between digit span and communication mode
was highly selective in nature because it was restricted only to the forward digit span scores; the
backward digit spans were not correlated with communication mode or with any of the other
demographic variables.

Digit Spans and Spoken Word Recognition. Although these results indicate that early
experience and activities in an educational environment that emphasizes auditory-oral language skills is
associated with longer forward digit spans and increased capacity of working memory, without additional
converging measures of performance, it is difficult to identify precisely what specific information
processing mechanisms are actually affected by early experience and which ones are responsible for the
increases in forward digit spans observed in these particular children.

Several studies of hearing children have demonstrated close “links” between working memory
and learning to recognize and understand new words (Gathercole et al., 1997; Gupta & MacWhinney,
1997). Other research has found that vocabulary development and several other important milestones in
speech and language acquisition are also associated with differences in measures of working memory,
specifically, measures of digit span, which are commonly used as estimates of processing capacity of
immediate memory (Gathercole & Baddeley, 1990).

To determine if immediate memory capacity was related to spoken word recognition, we
correlated the WISC forward and backward digit span scores with three different measures of spoken

14



EFFICACY AND EFFECTIVENESS OF CIs

word recognition that were obtained from the same children. A summary of the correlations between
digit span and the spoken word recognition scores based on these 176 children is shown in Table II.

Table I1

Correlations between WISC digit span and three measures of
spoken word recognition (Adapted from Pisoni & Cleary, 2003).

Simple Bivariate Correlations

WISC Forward WISC Backward
Digit Span Digit Span

Closed Set Word

Recognition (WIPI) ARk 28k
Open Set Word

Recognition (LNT-E) ) 20%*
Open Set Word

Recognition in A4 24%%

Sentences (BKB)
w5 p < 001, ** p<.01

The Word Intelligibility by Picture Identification Test (WIPI) is a closed-set test of word
recognition in which the child selects a word's referent from among six alternative pictures (Ross &
Lerman, 1979). The LNT is an open-set test of word recognition and lexical discrimination that requires
the child to imitate and reproduce an isolated word (Kirk et al., 1995). Finally, the BKB is an open-set
word recognition test in which key words are presented in short meaningful sentences (Bench, Kowal &
Bamford, 1979).

Table II displays the simple bivariate correlations of the forward and backward digit spans with
the three measures of spoken word recognition. The correlations for both the forward and backward
spans reveal that children who had longer WISC digit spans also had higher word recognition scores on
all three word recognition tests. This finding was observed for both forward and backward digit spans.
The correlations are all positive and reached statistical significance.

These results demonstrate that children who have longer forward WISC digit spans also show
higher spoken word recognition scores; this relationship was observed for all three word recognition tests
even after other contributing sources of variance were removed. The present results suggest a common
source of variance that is shared between forward digit span and measures of spoken word recognition
that is independent of other mediating factors that have been found to contribute to the variation in these
outcome measures.

Digit Spans and Verbal Rehearsal Speed. While the correlations of the digit span scores with
communication mode and spoken word recognition suggest fundamental differences in encoding and
rehearsal speed which are influenced by the nature of the early experience a child receives, measures of
immediate memory span and estimates of information processing capacity are not sufficient on their own
to identify the specific underlying information processing mechanism responsible for the individual
differences. Additional converging measures are needed to pinpoint the locus of these differences more
precisely. Fortunately, an additional set of measures was obtained from these children for a different
purpose and made available for several new analyses.

As part of the research project, speech production samples were obtained from each child to
assess their speech intelligibility and measure changes in articulation and phonological development
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following implantation (see Tobey et al., 2000). The speech samples consisted of three sets of
meaningful English sentences that were elicited using the stimulus materials and experimental
procedures originally developed by McGarr (1983) to measure intelligibility of deaf speech. All of the
utterances produced by the children were originally recorded and stored digitally for playback to groups
of naive adult listeners who were asked to transcribe what they thought the children had said. In addition
to the speech intelligibility scores, the durations of the individual sentences in each set were measured
and used to estimate each child’s speaking rate.

The sentence durations provided a quantitative measure of a child’s articulation speed which we
knew from a large body of earlier research in the memory literature was closely related to speed of
subvocal verbal rehearsal (Cowan et al., 1998). Numerous studies over the past 30 years have
demonstrated strong relations between speaking rate and memory span for digits and words (for example,
Baddeley, Thompson & Buchanan, 1975). The results of these studies with hearing children and adults
suggest that measures of an individual’s speaking rate reflect articulation speed and this measure can be
used as an index of rate of covert verbal rehearsal for phonological information in working memory.
Individuals who speak more quickly have been found to have longer memory spans than individuals who
speak more slowly (see Baddeley et al., 1975).

N=176
12
" R?=0.30
10 1 v

WISC Forward Digit Span (pts.)

0 T T
2000 4500 7000 9500 12000

Sentence Duration (ms)

LR R?=0.34
104 o B

WISC Forward Digit Span (pts.)

3.25 3.5 3.75 4
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Figure 2. Scatterplots illustrating the relationship between average sentence duration for the
seven-syllable McGarr Sentences (abscissa) and WISC forward digit span scored by points
(ordinate). Each data-point represents an individual child. Measured duration scores are shown in
the top panel, log-transformed duration scores in the bottom panel. R-squared values indicate
percent of variance accounted for by the linear relation (Adapted from Pisoni & Cleary, 2003).
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A scatterplot of the forward digit span scores for the 168 children are shown in Figure 2 along
with estimates of their speaking rates obtained from measurements of their productions of meaningful
English sentences. The digit spans are plotted on the ordinate; the average sentence durations are shown
on the abscissa. The top panel shows mean sentence durations; the bottom panel shows the log sentence
durations. The pattern of results in both figures is very clear; children who produce sentences with longer
durations speak more slowly and, in turn, have shorter forward digit spans. The correlations between
forward digit span and both measures of sentence duration were strongly negative and highly significant.
It is important to emphasize once again, that the relations observed here between digit span and speaking
rate were selective in nature and were found only for the forward digit spans. No correlation was
observed between backward digit span scores and sentence duration in any of these analyses.

The dissociation between forward and backward digit spans and the correlation of the forward
spans with measures of speaking rate suggests that verbal rehearsal speed is the primary underlying
factor that is responsible for the variability and individual differences observed in deaf children with Cls
on a range of behavioral speech and language tasks. The common feature of each of these clinical
outcome measures is that they all make use of the storage and processing mechanisms of verbal working
memory (Archibold & Gathercole, 2007).

Verbal Rehearsal Speed and Word Recognition. To determine if verbal rehearsal speed is also
related to individual differences in spoken word recognition performance, we examined the correlations
between sentence duration and the same three measures of spoken word recognition described earlier. All
of these correlations were also positive and suggest once again that a common processing mechanism,
verbal rehearsal speed, is the factor that underlies the variability and individual differences observed in
these word recognition tasks.

Our analysis of the digit span scores from these deaf children uncovered two important
correlations linking forward digit span to both word recognition performance and speaking rate. Both of
the correlations with forward digit span suggest a common underlying information processing factor that
is shared by each of these dependent measures. This factor reflects the speed of verbal rehearsal
processes in working memory. If this hypothesis is correct, then word recognition and speaking rate
should also be correlated with each other because they make use of the same processing mechanism. This
is exactly what we found. As in the earlier analyses, differences due to demographic factors and the
contribution of other variables were statistically controlled for by using partial correlation techniques. In
all cases, the correlations between speaking rate and word recognition were negative and highly
significant. Thus, slower speaking rates were associated with poorer word recognition scores on all three
word recognition tests. These findings linking speaking rate and word recognition suggest that all three
measures, digit span, speaking rate and word recognition performance are closely related because they
share a common underlying source of variance.

To determine if digit span and sentence duration share a common process and the same
underlying source of variance which relates them both to word recognition performance, we re-analyzed
the intercorrelations between each pair of variables with the same set of the demographic and mediating
variables systematically partialled out. When sentence duration was partialled out of the analysis, the
correlations between digit span and each of the three measures of word recognition essentially
approached zero. However, the negative correlations between sentence duration and word recognition
were still present even after digit span was partialled out of the analysis suggesting that it is processing
speed that is the common factor that is shared between these two measures.
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The results of these analyses confirm that the underlying factor that is shared in common with
speaking rate is related to the rate of information processing, specifically, the speed of the verbal
rehearsal process in working memory. This processing component of verbal rehearsal could reflect either
the articulatory speed used to maintain phonological patterns in working memory or the time to retrieve
and scan verbal information already in working memory or both (see Cowan et al., 1998). In either case,
the common factor that links word recognition and speaking rate is the speed of information processing
operations used to store and maintain phonological representations in working memory (see Pisoni &
Cleary, 2003).

Scanning of Information in Immediate Memory. In addition to our studies on verbal rehearsal
speed, we also obtained measures of memory scanning during the digit recall task from a group of deaf
children with cochlear implants and a comparison group of typically-developing age-matched hearing
children (see Burkholder & Pisoni, 2003; 2006). Our interest in studying scanning of verbal information
in short-term memory in these children was motivated by several earlier findings reported by Cowan and
his colleagues who have carefully measured the response latencies and interword pause durations during
recall tasks in children of different ages (Cowan, 1992; Cowan et al., 1994; 1998).

To investigate scanning of information in short-term memory, we obtained several new measures
of speech-timing during immediate recall from a group of deaf children who use CIs (see Burkholder &
Pisoni, 2003). Measures of speaking rate and speech timing were also obtained from an age-matched
control group of hearing, typically-developing children. Articulation rate and subvocal rehearsal speed
were measured using sentence durations elicited with meaningful English sentences. Relations between
articulation rate and working memory in each group of children were then compared to determine how
verbal rehearsal processes might differ between the two populations. To assess differences in speech
timing during recall, response latencies, durations of the test items, and interword pauses were also
measured in both groups of children.

For the analysis of the speech-timing measures during recall, we analyzed only the responses
from the digit span forward condition. Analysis of the speech-timing measures obtained during recall
revealed no differences in the average duration of articulation of the individual digits or response
latencies at any of the list lengths. There was no correlation between the average articulations obtained
from the forward digit span scores when all children were considered together or when the children were
evaluated in groups according to hearing ability or communication mode.

However, we found that interword pause durations in recall differed significantly between the
two groups of children. The average of individual pauses that occurred during digit recall in the forward
condition was significantly longer in the deaf children with CIs than in the hearing children at list lengths
three and four. Although the deaf children with CIs correctly recalled all the items from the three- and
four-digit lists, their scanning and retrieval speeds were three times slower than the average retrieval
speed of age-matched hearing children (Burkholder & Pisoni, 2003).

The results of this study also replicated our previous findings showing that profoundly deaf
children with CIs have shorter digit spans than their hearing peers. As expected, deaf children with Cls
also displayed longer sentence durations than hearing children. Total communication users displayed
slower speaking rates and shorter forward digit spans than the auditory-oral communication users. In
addition to producing longer sentence durations than hearing children, the deaf children with CIs also had
much longer interword pause durations during recall. Longer interword pauses reflect slower serial
scanning processes which affects the retrieval of phonological information in short-term memory
(Cowan, 1992; Cowan et al., 1994). Taken together, the pattern of results indicates that both slower
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subvocal verbal rehearsal and slower serial scanning of short-term memory are associated with shorter
digit spans in the deaf children with ClIs.

The effects of early auditory and linguistic experience found by Burkholder and Pisoni (2003)
suggest that the development of subvocal verbal rehearsal and serial scanning processes may not only be
related to developmental milestones in cognitive control processes, such as the ability to effectively
organize and utilize these two processes in tasks requiring immediate recall. Efficient subvocal verbal
rehearsal strategies and scanning abilities also appear to be experience- and activity-dependent reflecting
the development of basic sensory-motor circuits used in speech perception and speech production.

Because the group of deaf children examined in the Burkholder and Pisoni (2003) study fell
within a normal range of intelligence, the most likely developmental factor responsible for producing
slower verbal rehearsal speeds, scanning rates, and shorter digit spans is an early period of auditory
deprivation and associated delay in language development prior to receiving a cochlear implant. Sensory
deprivation results in widespread developmental brain plasticity and neural reorganization, further
differentiating deaf children’s perceptual and cognitive development from the development of hearing
children (Kaas, Merzenich & Killackey, 1983; Riesen, 1975; Shepard & Hardie, 2001). Brain plasticity
affects not only the development of the peripheral and central auditory systems but other higher cortical
areas as well both before and after cochlear implantation (Ryugo, Limb, & Redd, 2000; Teoh, Pisoni &
Miyamoto, 2004a, b).

Sequence Memory and Learning

All of the traditional methods for measuring memory span and estimating the capacity of
immediate memory use recall tasks that require a subject to explicitly repeat back a sequence of test
items using an overt articulatory-verbal motor response (Dempster, 1981). Because deaf children may
also have disturbances and delays in other neural circuits that are used in speech motor control and
phonological development, it is possible that any differences observed in performance between deaf
children with CIs and age-matched hearing children using traditional full-report memory span tasks could
be due to the nature of the motor response requirements used during retrieval and output. Differences in
articulation speed and speech motor control could magnify other differences in encoding, storage,
rehearsal or retrieval processes.

To eliminate the use of an overt articulatory-verbal response, we developed a new experimental
methodology to measure immediate memory span in deaf children with Cls based on Simon, a popular
memory game developed by Milton-Bradley. Figure 3 shows a display of the apparatus which we
modified so it could be controlled by a PC. In carrying out the experimental procedure, a child is asked to
simply “reproduce” a stimulus pattern by manually pressing a sequence of colored panels on the four-
alternative response box.

In addition to eliminating the need for an overt verbal response, the Simon methodology
permitted us to manipulate the stimulus presentation conditions in several systematic ways while holding
the response format constant. This particular property of the experimental procedure was important
because it provided us with a novel way of measuring how auditory and visual stimulus dimensions are
analyzed and processed alone and in combination and how these stimulus manipulations affected
measures of sequence memory span. The Simon memory game apparatus and methodology also offered
us an opportunity to study learning processes, specifically, sequence learning and the relations between
working memory and learning using the same identical experimental procedures and response demands
(see Karpicke & Pisoni, 2004; Conway et al., 2007a).
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Figure 3. The memory game response box based on the popular Milton Bradley game “Simon.”

Simon Sequence Memory Spans. In our initial studies with the Simon apparatus, three different
stimulus presentation formats were employed (Cleary, Pisoni & Geers, 2001; Cleary, Pisoni & Kirk,
2002; Pisoni & Cleary, 2004). In the first condition, the sequences consisted only of spoken color names
(A). In the second condition, sequences of colored lights (L) were presented in the visual modality. In the
third presentation condition, the spoken color names were presented simultaneously with correlated
colored lights (A+L).

Forty-five deaf children with CIs were tested using the Simon memory game apparatus. Thirty-
one of these children were able to complete all six conditions included in the testing session. They also
were able to reliably identify the color-name stimuli used in this task when these items were presented
alone in isolation before the experiment began. Thirty-one hearing children who were matched in terms
of age and gender with the group of children with CIs were also tested. Finally, 48 hearing adults were
recruited to serve as an additional comparison group (see Pisoni & Cleary, 2004).

Of the six conditions tested, three measured immediate memory skills and three measured
sequence learning skills. In the immediate memory task, the temporal sequences systematically increased
in length as the subject progressed through successive trials in the experiment. Within each condition, the
subject started with a list length of one item. If two lists in a row at a given length were correctly
reproduced, the next list was increased by one item in length. If a list was incorrectly reproduced, the
next trial used a list that was one item shorter in length. Sequences used for the Simon memory game task
were generated pseudo-randomly by a computer program, with the stipulation that no single item would
be repeated consecutively in a given list. A memory span score was computed for each subject by finding
the proportion of lists correctly reproduced at each list length and averaging these proportions across all
list lengths.

A summary of the results from the Simon immediate memory task for the three groups of
subjects is shown in Figure 4. Examination of the memory span scores for the hearing adults shown in
the left-hand panel of Figure 4 reveals several findings that can serve as a benchmark for comparing and
evaluating differences in performance of the two groups of children. First, we found a “modality effect”
for presentation format. Auditory presentation (A) of sequences of color names produced longer
immediate memory spans than visual presentation (L) of sequences of colored lights. Second, we found a
“redundancy gain.” When information from the auditory and visual modalities was combined together
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and presented simultaneously (A+L), the memory spans were longer compared to presentation using only
one sensory modality.

The modality effect and the redundancy gains observed with the adults demonstrate subtle
differences in the sensory modality used for presentation of the stimulus patterns. As in other studies of
verbal short-term memory, longer memory spans were found for auditory stimuli compared to visual
stimuli in the hearing adults, suggesting the active use of phonological coding and verbal rehearsal
strategies (Penny, 1989; Watkins, Watkins & Crowder, 1974). In addition, the memory spans reflected
cross-modal redundancies between stimulus dimensions when the same information about a stimulus
pattern was correlated and presented simultaneously to more than one sensory modality (Garner, 1974).
This latter finding demonstrates that adults are not only able to combine redundant sources of stimulus
information across different sensory modalities, but the consequence of the integration and redundancy
gains is an increase in immediate memory capacity when the stimulus dimensions are correlated in the
auditory and visual modalities.

Adults, Simon Memory Span Hearing Children Ages 8-9 Children with CIs Ages 8-9
Group Means N=48 (2001) Simon Memory Span Simon Memory Span
Group Means N=31 (2001) Group Means N=31 (2000)
7.0 7.0 7.0
o 6.0 o 6.0 ® 6.0
250 S50 250
§ 4.0 § 4.0 § 4.0
n & & —
E 3.0 g 3.0 E 3.0
< = <
B 2.0 3 2.0 2.0 ﬂ
(Y [ (Y
s 1.0 3 1.0 s 1.0 A
0.0 0.0 0.0
A L A L A L
— | —
p=.011 p=.08 p<.001
- - (——
p<.001 p<.001 p=.019
- | ——
p=.019 p=.04 p<.001

Figure 4. Mean sequence memory spans in each of the three presentation conditions using the
“Simon” memory game (Adapted from Pisoni & Cleary, 2004).

The middle panel of Figure 4 shows the results of the same three presentation conditions for the
group of hearing 8-and 9-year old children who were age-matched to the group of deaf children with CIs.
Overall, the pattern of the Simon memory span scores is similar to the findings obtained with the hearing
adults shown in the left-hand panel of Figure 4 although several differences were observed. First, the
absolute memory spans for all three presentation conditions were lower for the hearing children than the
memory spans obtained from the adults. Second, while the modality effect found with the adults was also
present in these data, it was smaller in magnitude suggesting possible developmental differences in the
rate and efficiency of verbal rehearsal between adults and children in processing auditory and visual
sequential patterns. Third, the cross-modal “redundancy gain” observed with the adults was also found
with the hearing children although it was also smaller in magnitude.

The memory spans for the deaf children with CIs are shown in the right-hand panel of Figure 4

for the same three presentation conditions. Examination of the pattern of these memory spans reveals
several striking differences from the memory spans obtained for the hearing children and adults. First, the
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memory spans for all three presentation conditions were consistently lower overall than the spans from
the corresponding conditions obtained for the age-matched hearing children. Second, the modality effect
observed in both the hearing adults and hearing children was reversed for the deaf children with CIs. The
memory spans for the deaf children were longer for visual-only sequences than auditory-only sequences.
Third, although the cross-modal “redundancy gain” found for both the adults and hearing children was
also observed for the deaf children and was statistically significant for both conditions, the absolute size
of the redundancy gain was smaller in magnitude than the AV gain observed with the hearing children.

The results obtained for the visual-only presentation conditions are of particular theoretical
interest because the deaf children with CIs displayed shorter memory spans for visual sequences than the
hearing children. This finding adds additional support to the hypothesis that phonological recoding and
verbal rehearsal processes in working memory play important roles in perception, learning and memory
in these children (Pisoni & Cleary, 2004). Capacity limitations of working memory are closely tied to
speed of processing information even for visual patterns which can be rapidly recoded and represented in
memory in a phonological or articulatory code for certain kinds of sequential processing tasks. Verbal
coding strategies may be mandatory in memory tasks that require immediate serial recall of temporal
patterns that preserve item and order information (Gupta & MacWhinney, 1997). Although the visual
patterns were presented using only sequences of colored lights, both groups of children appeared to
recode these sequential patterns using verbal coding strategies to create stable phonological
representations in working memory for maintenance and rehearsal prior to response output.

The deaf children with CIs also showed much smaller redundancy gains under the multi-modal
presentation conditions (A+V), which suggests that in addition to differences in working memory and
verbal rehearsal, automatic attention processes used to perceive and encode complex multi-modal stimuli
are atypical and disturbed relative to age-matched hearing children. The smaller redundancy gains
observed in these deaf children may also be due to the reversal of the typical modality effects observed in
studies of working memory that reflect the dominance of verbal coding of the stimulus materials. The
modality effect in short-term memory studies is generally thought to reflect phonological coding and
verbal rehearsal strategies that actively maintain temporal order information of sequences of stimuli in
immediate memory for short periods of time (Watkins et al., 1974). Taken together, the present findings
demonstrate important differences in both automatic attention and working memory processes in this
population. These basic differences in information processing skills may be responsible for the wide
variation in the traditional clinical speech and language outcome measures observed in deaf children
following cochlear implantation (Cleary, Pisoni & Kirk, 2002).

Simon Sequence Learning Spans. The initial version of our Simon memory game used novel
sequences of color names and colored lights (Pisoni & Cleary, 2004). All of the sequences were
generated randomly on each trial in order to prevent any learning. Our primary goal was to obtain
estimates of working memory capacity for temporal patterns that were not influenced by sequence
repetition effects or idiosyncratic coding strategies that might increase memory capacity from trial to
trial.

In addition to measuring immediate memory capacity, we have also used the Simon memory
game procedure to study sequence learning and investigate the effects of long-term memory on coding
and rehearsal strategies in working memory (Cleary & Pisoni, 2001; Conway, Karpicke & Pisoni, 2007;
Karpicke & Pisoni, 2004). To accomplish this goal and to directly compare the gains in learning and the
increases in working memory capacity to our earlier Simon memory span measures, we examined the
effects of sequence repetition on immediate memory span by simply repeating the same pattern over
again if the subject correctly reproduced the sequence on a given trial. In the sequence learning
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conditions, the same stimulus pattern was repeated on each trial for an individual subject and the
sequences gradually increased in length by one item after each correct response until the subject was
unable to correctly reproduce the pattern. This change in the methodology provided an opportunity to
study nondeclarative learning processes based on simple repetition and to investigate how repetition of
the same pattern affects the capacity of immediate memory (see Hebb, 1958; Melton, 1962).

Figure 5 displays a summary of the results obtained in the Simon learning conditions that
investigated the effects of sequence repetition on memory span for the same three presentation formats
used in the earlier conditions, auditory-only (A), lights-only (L) and auditory+lights (A+L). Examination
of the two sets of memory span scores shown within each panel reveals several consistent findings. First,
repetition of the same stimulus sequence produced large learning effects for all three groups of subjects.
The sequence repetition effects can be seen clearly by comparing the three scores on the right-hand side
of each panel of Figure 5 to the three scores on the left-hand side. For each of the three groups of
subjects, the learning span scores on the right were higher than the memory span scores on the left.

Adults, Simon Data, Group Means Normal-Hearing Children Ages 8-9, Children with Cls Ages 8-9, Simon
N=48 (2001) Simon Data, Group Means, N=31 Memory Span, Group Means, N=31
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Figure 5. Mean immediate memory spans and sequence learning scores in each of the three
conditions tested using the “Simon” memory game (Adapted from Pisoni & Cleary, 2004).

Repetition of a stimulus pattern increased immediate memory span capacity, although the
magnitude of the learning effects differed systematically across the three groups of subjects. The memory
spans observed for the adults in the learning condition were about twice the size of the memory spans
observed when the sequences were generated randomly from trial to trial. Although a repetition effect
was also obtained with the deaf children who use ClIs in the right panel, the size of their repetition effect
was about half the size of the repetition effect found for the hearing children shown in the middle panel
of Figure 5.

Second, the rank ordering of the three presentation conditions in the sequence learning
conditions was similar to the rank ordering observed in the memory span conditions for all three groups
of subjects. The repetition effect was largest for the A+L conditions for all three groups. For both the
hearing adults and hearing children, we also observed the same modality effect in learning that was found
for immediate memory span. Auditory presentation was better than visual presentation. And, as before,
the deaf children also showed a reversal of this modality effect for learning. Visual presentation was
better than auditory presentation.
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Normal-Hearing Children Ages 8-9,
Mean Difference Score, N=31 (2001)
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Figure 6. Difference scores between memory and learning for each of the three conditions (A, L,
A+L) for the three groups of participants tested using the “Simon” memory game (Adapted from

Pisoni & Cleary, 2004).
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Figure 7. Difference scores for individual subjects showing sequence learning score minus
memory span score. Data for the auditory-only (A) condition is shown on the top, lights-only (L)
condition in the middle, and auditory-plus-lights (A+L) condition on the bottom. Data from
hearing adults are shown on the left, scores for hearing 8- and 9-year-old children in the center,
and scores for 8- and 9-year-old cochlear implant users on the right (Adapted from Pisoni &
Cleary, 2004).
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To assess the magnitude of the repetition learning effects, we computed difference scores
between the learning and memory conditions by subtracting the memory span scores from the learning
span scores for each subject. The average difference scores for the three groups of subjects are shown in
Figure 6, while the data for individual subjects in each group for the three presentation formats are
displayed in Figure 7. Inspection of the distributions in Figure 7 reveals a wide range of performance for
all three groups of subjects. While most of the subjects in each group displayed some evidence of
learning in terms of showing a positive repetition effect, there were a few subjects in the tails of the
distributions who either failed to show any learning at all or showed a small reversal of the predicted
repetition effect. Although the number of subjects who failed to show a repetition effect was quite small
in the adults and hearing children, about one-third of the deaf children with CIs showed no evidence of a
repetition learning effect at all and failed to benefit from having the same stimulus sequence repeated on
each trial.

Sequence Learning and Outcome Measures. To study the relations between sequence learning
and speech and language development in these children, Cleary and Pisoni (2001) computed a series of
correlations between the three learning scores obtained from the Simon learning task and several of the
traditional audiological outcome measures of benefit that were obtained from these children as part of the
larger CID project (see Geers, Nicholas & Sedey, 2003). None of the demographic variables were found
to be correlated with any of the Simon sequence learning scores. However, moderate positive correlations
were obtained for three measures of spoken word recognition, the WIPI, BKB sentences and the LNT
and the auditory-only Simon learning condition. Moreover, the auditory-only Simon learning span was
also found to be correlated with the TACL-R measure of receptive language as well as the backwards
WISC digit span.

Thus, sequence learning in the auditory-only condition was positively correlated with outcome
measures that involve more complex cognitive processing activities that reflect executive functions and
controlled attention (Engle, Kane & Tuholski, 1999; Miller & Cohen, 2001). Performance on the TACL-
R reflects the ability to comprehend subtle morphological and syntactic distinctions in spoken sentences.
Similarly, performance on the backward digit span task assesses the ability to explicitly manipulate the
serial order of items actively maintained in working memory. Both of these measures, along with
measures of open-set word recognition on the LNT, assess the storage and maintenance of verbal items in
short-term memory and the subsequent processing operations of working memory, controlled attention
and executive function.

In a follow-up study, Pisoni and Davis (2003) assessed the relations between measures of
sequence learning and several speech and language outcome measures with a different group of deaf
children who use CIs. They examined two additional measures of sequence learning. The first measure, a
redundancy gain learning score, was computed by subtracting the V-weighted span from the AV-
weighted span on the Simon learning task in the first interval a child was tested. The difference in
performance between the AV and V conditions can be thought of as a measure of how much gain the
child received from the addition of redundant auditory information to the visual pattern.

The second measure, a sequence learning gain score, was computed by subtracting the Simon
learning span from the first interval a child was tested (for both V and AV conditions) from the span
obtained in the last interval a child was tested, and dividing by the total number of years between the
scores. This measure of sequence learning was designed to assess changes in the rate of sequence
learning over time, while eliminating any baseline differences. Unlike the first learning gain measure,
which was used to assess the contribution of redundant auditory information on visual sequence learning,
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the second gain measure provided a way to measure changes in sequence memory and learning over time
after a period of CI use.

To examine the relationship between these two measures of learning and outcomes, correlations
were performed using several traditional speech and language outcome measures. Measures of open-set
word recognition (PBK words), sentence comprehension (Common Phrases A, V and AV), vocabulary
knowledge (Peabody Picture Vocabulary Test-III (PPVT) (Dunn & Dunn, 1997), language development
(Reynell Developmental Language Scales-3rd Edition (RDLS) (Reynell & Huntley, 1985) and Clinical
Evaluation of Language Function (CELF) (Semel, Wiig, Secord, 1995), and speech intelligibility
(Beginner’s Intelligibility Test (BIT) (Osberger, Robbins, Todd & Riley, 1994) were examined. In each
of these analyses, the outcome measures were obtained from the first interval a child was tested in using
the Simon learning procedure.

A moderate correlation was found between the redundancy gain learning score and the Common
Phrases auditory-alone scores, even after controlling for age and length of implant use. Correlational
analyses also revealed that the learning gain score was related to the vocabulary knowledge of the child
at the first time of testing using the Simon memory game, although the relationship was in different
directions for the AV and V conditions. The amount of auditory+visual improvement in learning over
time was positively related to the child’s initial vocabulary knowledge, while the amount of visual-only
gain over time was negatively related. This pattern suggests that greater vocabulary knowledge is
associated with better sequence learning skills. Higher PPVT vocabulary scores were associated with
increases in AV span and decreases in V span scores.

The results obtained by Pisoni and Davis (2003) showed that measures of sequence learning in
deaf children with Cls are associated with changes over time in several clinical outcome measures of
speech and language. These findings are of interest both clinically and theoretically because they suggest
that the individual differences in outcome of deaf children who receive Cls may also reflect fundamental
learning processes that affect the encoding and retention of temporal information in both short-term and
long-term memory. Large improvements in immediate reproductive memory span for sequences of
visually-presented colored lights were obtained following repetition of a familiar sequence. Differences
in the susceptibility to repetition effects were associated with several traditional clinical outcome
measures of speech and language.

The findings obtained on learning and memory suggest that differences in the development of
basic sequence learning mechanisms in this population may contribute an additional unique source of
variance to the overall variation observed in a range of different outcome measures following cochlear
implantation. Additional studies of sequence learning and memory in hearing children, adults and deaf
children with CIs have been carried out recently and are reported elsewhere (Conway, Karpicke &
Pisoni, 2007).

Neuropsychological Measures

Examination of the findings obtained on immediate memory capacity, speed of verbal rehearsal
and scanning of items correctly retrieved from short-term memory, suggests that the verbal coding
strategies and automatized phonological processing skills of deaf children with CIs are atypical and differ
in several significant ways from age-matched typically-developing hearing children. Deaf children with
CIs demonstrated shorter forward digit spans, slower verbal rehearsal speeds and significant processing
delays in scanning and retrieval of verbal information from short-term memory even for items that were
successfully retrieved and correctly recalled. Disturbances were also found in visual sequence memory
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and learning. In particular, deaf children with CIs showed significant declines in sensitivity to sequence
repetition effects in the Simon learning conditions which suggests fundamental differences in repetition
priming, procedural learning and processes involved in encoding and retention of temporal sequences in
long-term memory.

The overall pattern of results obtained in these studies is not surprising or unexpected because all
of the children were congenitally deaf for some period of time before receiving their CI. What was
surprising, however, and what turned out to be both theoretically and clinically significant were the
results obtained from the sequence memory and learning experiments using the Simon memory game,
especially the findings obtained from the visual-only sequence conditions and the multimodal conditions
involving presentation of redundant auditory and visual patterns. The memory and learning results
obtained under these two conditions suggest that the effects of deafness and delay in language
development, the cognitive and behavioral sequelae following a period of auditory deprivation before
implantation, are not modality-specific nor are they restricted to only the perception and processing of
auditory signals. The effects of deafness appear to be broader and more global in scope involving the
processing of sequences and temporal patterns independently of input modality and the allocation of
attentional resources to perceptual dimensions of complex multidimensional stimuli (see Marschark &
Wauters, in press; Pelz, in press).

The present findings suggest that multiple information processing systems and the neural circuits
underlying their operation are affected by a period of deafness and associated delay in language
development prior to implantation. The memory, attention and sequence learning effects observed in
these studies are not directly related to the peripheral coding and sensory aspects of hearing or the
perception of auditory signals although these factors contribute to establishing and maintaining
distinctiveness and discriminability of phonological information at the time of initial encoding and
registration in sensory and short-term memory.

It is very likely that many of the deaf children with CIs tested in our studies have other co-morbid
disturbances and delays in the development of neural circuits that underlie other information processing
systems that are secondary to their profound hearing loss and delay in language development. The
absence of sound and auditory experience during early development prior to implantation affects
neurocognitive development in a wide variety of ways. Differences resulting from deafness and language
delays and subsequent neural reorganization of multiple brain systems may be responsible for the
enormous variability observed in speech and language outcome measures following implantation.

One of the new directions our research program has pursued is the investigation of basic
elementary neurocognitive abilities of prelingually-deaf children. These are processes that are not
specific to hearing, audition or to spoken language processing per se, although they may play important
roles in perceiving speech, acquiring spoken language, and developing the underlying sensory-motor
abilities and control structures needed for articulation and production of highly intelligible speech and
spoken language.

In addition to identifying early predictors of outcome and uncovering additional sources of
individual variability, research on elementary neurocognitive factors may provide the theoretical basis for
the development of new therapeutic interventions for deaf children who, despite having access to sound
with a CI, show significant delays and disturbances in spoken language acquisition and processing. These
delays would be especially evident under challenging listening conditions where listeners must rapidly
encode and maintain phonological representations of temporal patterns in working memory and monitor
and examine the contents of these representations to meet specific task demands.
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To explore these findings further, we shifted our research efforts in two new directions. First, we
began searching for preimplant predictors of outcome and benefit that did not involve any direct
measures of speech or language processing or perception of auditory signals. Second, adopting a broader
integrated functional systems approach to brain, behavior and development, we collected several new
sets of data using several standardized neuropsychological measures of visual-motor integration, sensory-
motor processes as well as executive function and cognitive control so that age-equivalent comparisons
can be made based on normative data. Finally, we have recently obtained some preliminary data using the
Behavior Rating Inventory of Executive Functions (BRIEF) (Gioia, Isquith, Guy, & Kenworthy, 2000), a
behavioral rating inventory filled out by a parent or caretaker to study behavioral regulation,
metacognition and executive function in real-world environments outside the clinic and research
laboratory. We have also obtained several additional measures of learning, memory and attention using
the Learning, Executive, and Attention Functioning (LEAF) (Kronenberger, 2006) and the Conduct-
Hyperactive-Attention Problem-Opposition Scale (CHAOS) (Kronenberger, Dunn & Giauque, 1998)
rating scales that were developed in our ADHD clinic to assess learning, executive function and
attention-hyperactivity. We present a summary of these new findings in the sections below.

Development of Motor Skills. In our research center, as part of the process for determining
candidacy prior to implantation, a battery of standardized psychological tests is administered to each
child by a clinical psychologist who has extensive experience working with deaf children. These
psychological tests include: the Vineland Adaptive Behavior Scales (VABS) (Sparrow, Balla &
Cicchetti, 1984), the Bayley Scales of Infant Development (Bayley, 1993), the Beery Visual Motor
Integration Scale (VMI) (Beery, 1989), the Weschler Intelligence Scale for Children, Third Edition
(WISC-IID), the Developmental Assessment of Young Children (DAYC) (Voress & Maddox, 2003) and
the Child Behavior Checklist (CBC) (Achenbach & Rescorla, 2005)as well as several additional
specialized tests depending on whether the child presents with any developmental disabilities.

Other tests involve parental reports of the children’s behavior and adaptive functioning in real-
world settings. Historically, these tests were not considered as research data because they were
administered prior to implantation and were designed primarily to rule out mental retardation and other
developmental disorders that were thought to be possible risks for cochlear implantation. Currently,
almost all children who present with a bilateral profound hearing loss at our center are implanted and
receive ClIs regardless of whether they have any developmental delays or disabilities. Only a small
number of children who are medically at risk for surgery are excluded from candidacy.

One of the parental reports used in our psychological assessments is the VABS (Sparrow, Balla
& Cicchetti, 1984) which is used to obtain information about the child’s adaptive functioning in four
functional domains: daily living skills, socialization, motor, and communication. Because the test
questions for the communication subscale of the VABS rely heavily on hearing and spoken language
skills, they are not considered valid for this clinical population and were excluded from our analyses.
However, the other three domains on the VABS provide valuable normative information about the child’s
adaptive behaviors prior to implantation and offered an opportunity to assess whether a period of
profound deafness and language delay prior to cochlear implantation affects adaptive behaviors in these
domains.

We examined data for 43 deaf children from the VABS for the motor development, daily living
and socialization scales as a function of duration of deafness prior to implantation (Horn et al., 2006). All
of the children subsequently received a CI at our center and all of them also provided scores on a range of
traditional speech and language outcome measures obtained at several test intervals following
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implantation. Because the children in this study received their Cls at different ages, we were able to
assess the effects of length of deprivation (i.e., duration of deafness) prior to implantation on these three
adaptive behaviors to determine whether these skills developed in an age-appropriate fashion before
cochlear implantation.

Children with known or suspected neurological impairment or developmental delay were
excluded from the study. Standard scores from hearing tables of the VABS were used to assess
preimplant adaptive behavioral functioning. The effects of several demographic variables on VABS
standard scores were investigated to determine if preimplant measures of behavioral functioning on the
VABS are related to post-implant speech perception and spoken language outcomes following
implantation.

For each of the three VABS domains, children were divided into two groups based on a median
split. Using this design, spoken language outcomes were compared for each group. If a given VABS
domain is predictive of spoken language outcomes after implantation, children in the high group should
show higher scores on spoken language measures than children in the low group.

When compared to the results obtained from the daily living skills and socialization domains, the
effect of the median split on spoken language outcomes was more robust for the motor domain. Children
in the high-motor domain group demonstrated significantly better performance on all spoken language
measures than children in the low motor domain group. For the GAEL-P, a closed-set test of spoken
word recognition, estimated mean score of children in the high motor domain group was 60.5% words
correct compared with 34.1% for children in the low motor domain group. Children in the high motor
domain group also demonstrated language and vocabulary skills that were closer to their
chronological-age peers than children in the low motor domain group as shown by the differences in
mean RDLS-rec, RDLS-exp and PPVT language quotients between the two groups.

We also found that the average motor domain score was age-appropriate and within the typical
range of variability compared to the other two domains of the VABS. This finding differs from earlier
studies that have reported delays in motor skills of deaf children compared with hearing children. The
earlier studies of motor development used children attending residential schools for the deaf who used
American Sign Language rather than oral or manual English (Wiegersma & Van der Velde, 1983).
Moreover, these studies did not report or control for etiology of deafness or other potential confounding
variables such as neurological impairment or age at diagnosis. The present findings suggest that deaf
children who present for a CI in infancy or early childhood do not display evidence of general motor
impairments, as measured by the VABS.

Multivariate analyses also revealed that nonmotor VABS scores were negatively related to
chronological age at testing. Children who were older at the time the VABS data were obtained showed
greater delays in socialization and daily living skills than children who were younger. These results
suggest that motor development proceeds more typically in these children than other two developmental
domains. Because age at testing and duration of auditory deprivation are highly correlated in this
population of infants and children, the relations observed between age at testing and VABS domain
scores can be recast in terms of duration of auditory deprivation; longer periods of profound deafness
before cochlear implantation are associated with greater delays in socialization and daily living skills but
not motor development.

One goal of the Horn et al. study was to determine whether preimplant VABS scores could be
used to predict post-implant spoken language skills. The results revealed several new preimplant
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predictors of spoken language outcomes. Moreover, the pattern of results indicated that not all VABS
domains were related to the development of spoken language skills. Motor development was related to
performance on spoken word recognition, receptive language, expressive language, and vocabulary
knowledge tests obtained over a 3-year period after implantation. Children in the low motor domain
group demonstrated poorer spoken word recognition scores and lower age-adjusted language and
vocabulary skills than children in the high motor domain group.

Links between motor development and perceptual and linguistic skills have been widely reported
in the developmental literature with both hearing and deaf children. In hearing children, motor
development assessed in infancy has been shown to be strongly associated with language outcomes in
later childhood. The study carried out by Horn, Pisoni et al. (2005) was the first investigation to
demonstrate that preimplant measures of motor development predict post-implant language outcomes in
profoundly deaf infants and young children who have received a CI.

One explanation of the relations observed between motor development and spoken language
acquisition in deaf children with CIs is that motor and language systems are closely coupled in
development and share common cortical processing resources that reflect the organization and operations
of an integrated functional system used in language processing. This hypothesis is not new. Eric
Lenneberg (1967), one of the first theorists to propose a biological explanation for the links between
motor and language development, argued strongly that correlations between motor and language
milestones in development reflected common underlying rates in brain maturation. Recently, a number of
studies have explored the basic neural mechanisms behind these links in greater depth (Iverson & Fagan,
2004). These findings suggest an articulatory or motor-based representation of speech in which brain
areas traditionally known to be involved in regulating motor behavior are also recruited during language
processing tasks (Wilson, 2002 ; Teuber, 1964).

Divergence of Fine vs. Gross Motor Skills. In a follow-up study, Horn et al. (2006) assessed
whether gross or fine motor skills on the VABS showed any evidence of a developmental divergence.
Three hypotheses were explored. The first hypothesis was that fine motor skills which are conceptually
linked to the “complex motor skills” should be delayed relative to the gross motor skills in these children.
The second hypothesis was that fine motor skills should be negatively related to length of auditory
deprivation: older deaf participants with longer periods of auditory deprivation should show lower fine
motor scores than younger deaf participants. The third hypothesis was that gross motor skills should not
be related to length of auditory deprivation.

Horn et al. also assessed whether pre-implant measures of fine or gross motor skills predict of
spoken language outcomes in prelingually deaf children with CIs. In the earlier VABS paper, Horn et al.
found that pre-implant motor development scores were significantly correlated with post-implant scores
on tests of word recognition, receptive and expressive language, and vocabulary knowledge. In the
second study, fine and gross motor skills were analyzed separately using correlational analyses with
several different post-implant spoken language scores.

As in the earlier study, three spoken language outcome measures were collected longitudinally at
various times after implantation. The first test assessed closed-set spoken word recognition, the second
assessed both receptive and expressive language skills and the third assessed vocabulary knowledge.
Correlations between gross motor scores and the three outcome measures were weakly positive while
correlations between fine motor scores and the three language outcome measures were more strongly
positive. The only correlations to reach significance were between fine motor scores and expressive
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language quotients obtained at the 1 year and 2 year post-implant intervals. In contrast, the correlations
between gross motor scores and expressive language scores were all lower and non-significant.

The findings from this study reveal a dissociation in development between gross and fine motor
skills in prelingually deaf children. Although the average differences for fine and gross motor skills did
not differ, the two motor subdomains showed a developmental divergence as a function of chronological
age. For gross motor skills, a positive relationship between age and motor development was observed:
older deaf children tended to show more advanced gross motor behaviors compared to younger deaf
children. In contrast, the opposite trend was observed for fine motor skills: older deaf children tended to
show less advanced fine motor behaviors than younger deaf children. Although these findings are
correlational, they are consistent with the hypothesis that a period of auditory deprivation and associated
language delay affects the development of fine motor skills differently than gross motor skills. In both of
these studies, degree of hearing loss and other demographics were partialled out in the correlation
analyses.

Horn et al. also found evidence that pre-implant fine motor skills predict post-implant expressive
language acquisition. Infants and children with more advanced fine motor behaviors on the VABS prior
to implantation demonstrated higher expressive language scores after 1 or 2 years of CI use than children
with less advanced fine motor behaviors. In contrast, gross motor skills measured prior to implantation
were not related to post-implant expressive language skills. Although the sample sizes in this study were
small, the overall trend suggests that pre-implant fine motor skills are better predictors of post-implant
spoken language skills than gross motor skills.

The results reported by Horn et al. provide new evidence that fine motor development and
spoken language acquisition are closely coupled processes in deaf infants and children with CIs. These
findings suggest that a common set of cortical mechanisms may underlie both the control of fine manual
motor behaviors and spoken-language processing, especially the development of expressive language
skills.

Links Between Visual-Motor Integration and Language. Numerous researchers have
recognized that perceptual-motor development and language acquisition are closely linked and develop
together in a predictable fashion with several behavioral milestones correlated across systems
(Lenneberg, 1967; Locke, Bekken, McMinn-Larson & Wein, 1995; Siegel et al., 1982). In addition to
motor development, visual-motor integration skills have also been found to be closely linked to spoken-
language development in numerous studies. Traditionally, visual-motor integration is measured using
design-copying tasks in which adults and children are asked to copy a series of increasingly complex
geometric figures (Beery, 1989). Performance on design copying tasks has been shown to be correlated
with language development, reading ability, and general academic achievement in hearing children
(Taylor, 1999) as well as deaf children who use American Sign Language (Bachara & Phelan, 1980;
Spencer & Delk; 1985).

Several studies have reported that deaf children display atypical performance on visual-motor
integration tasks as well as other perceptual-motor tasks involving balance, running, throwing, and figure
drawing (Erden, Otman & Tunay, 2004; Savelsbergh, Netelenbos & Whiting, 1991; Wiegersma & Van
der Velde, 1983). In fact, more than 50 years ago, Myklebust and Brutten (1953) carried out one of the
earliest studies investigating the visual perception skills of deaf children. They found that performance
on the marbleboard test which required children to reproduce visual patterns using marbles on a 10x10
grid was significantly lower for deaf children than hearing age-matched controls. They concluded that
deafness disturbs the visual perceptual processes required for constructing continuous figures from
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models consisting of discrete elements and causes an alteration in the normal response modes of the
organism including disruptions in visual perceptual organization. Myklebust and Brutten (1953) argued
that deafness should not be viewed as an isolated autonomous sensory-perceptual impairment but rather
as a modification of the total reactivity of the organism.

Many of these early studies included deaf children who had other neurological and cognitive
sequelae. And, all of the earlier studies were conducted before deaf children could be identified at birth
through universal newborn hearing screening (NIH, 1993). Other studies tested deaf children who were
immersed in a manual language environment in which auditory-oral spoken language skills were not
emphasized. Thus, the results from these earlier studies cannot be generalized easily to the current
population of prelingually deaf children who present for a CI. Two recent studies carried out in our
center by Horn et al. (2005, 2006) addressed several questions about the development of visual-motor
integration skills.

In the first study, the Beery Test of Visual Motor Integration (VMI-Beery, 1989) was
administered prior to implantation to 42 who children were identified from the large cohort of pediatric
CI patients followed longitudinally at our center. The Beery VMI test contains a sequence of 24
geometric forms of increasing complexity ranging from a simple vertical line to a complex three-
dimensional star. Children are asked to copy each item as accurately as they can.

Several clinical spoken-language measures were also obtained at 6-month intervals in this
longitudinal study. Open-set word recognition was measured using the PBK test. Sentence
comprehension was assessed with the Common Phrases (CP) test (Osberger et al., 1991), using auditory-
only, live voice presentation. Speech intelligibility scores were obtained using the Beginner’s
Intelligibility Test (BIT). Vocabulary knowledge was assessed with the PPVT. Finally, the Reynell
Developmental Language Scales (RDLS) was administered to assess receptive and expressive language
skills. The receptive scales (RDLS-r) measured 10 skills, including spoken word recognition, sentence
comprehension, and verbal comprehension of ideational content. The expressive language scales (RDLS-
e) assessed skills such as spontaneous expression of speech and picture description.

The speech and language measures were obtained during the pre-implant period, within 6 months
before implantation, and then at 6-month intervals after implantation. Scores were collapsed into one of
five intervals of CI use: pre-implant, 1-year post, 2-years post, 3-years post, and 4-years post. The mean
pre-implant VMI score for the 40 deaf children was 0.98 which did not differ significantly from the
expected mean of 1.0 for hearing children. For all of the language outcome measures, the scores
increased significantly as a function of CI use. Moreover, children with higher pre-implant VMI showed
higher percent correct scores on the post-implantation word recognition, comprehension and
intelligibility tests.

Several new findings were obtained in this study. First, the pre-implant visual-motor integration
scores of the deaf children in this study were age-appropriate when compared with the normative data.
This result contrasts with earlier reports showing delays in deaf children compared to hearing children
(Erden, Otman & Tunay, 2004; Tiber, 1985). The differences may be due to several factors. First, the
sample of deaf children used in our studies was likely to have been diagnosed earlier and received earlier
audiological and speech-language intervention than the children used in the earlier studies. Second,
children with gross cognitive or motor delays were excluded from the present study.

Second, the longitudinal analyses revealed that VMI scores were robust predictors of post-
implant outcomes of speech perception, sentence comprehension, and speech intelligibility. Children
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with higher pre-implant VMI scores displayed better performance on all of the outcome measures
following CI. Higher VMI scores were also associated with larger increases in speech intelligibility
scores over time than lower VMI scores. Thus, pre-implant VMI not only predicts overall performance,
but it also predicts rate of improvement with CI experience.

VMI was not an independent predictor of expressive and receptive language scores or vocabulary
knowledge. One important difference between the PBK, BIT, and CP tests, compared to the language and
vocabulary tests is that the former tests are all administered using auditory-only presentation format
whereas the latter are administered using the child’s preferred mode of communication. It is very likely
that the relations observed between visual-motor integration and these three language processing
measures are heavily influenced by the specific information processing demands of the task and the
degree to which the behavioral tests require the use of controlled attention, working memory and verbal
rehearsal strategies.

One limitation of the first VMI study reported by Horn et al. was that the children were only
tested at early ages before implantation as part of their initial preimplant psychological assessment.
Variability of visual-motor integration skills in prelingually-deaf children and the associations observed
with spoken-language outcomes might not be fully realized until children are a little older and have had
more experience using their CI. To pursue these questions further, a second study was carried out with
prelingually-deaf children who had used their implants for longer periods of time. The Design Copying
and Visual-Motor Precision tests from the NEPSY (Korkman, Kirk & Kemp, 1998), a standardized
battery of neuropsychological tests widely used in clinical settings to assess neurocognitive functions of
children between 3 and 12 years of age, were administered to determine if the preimplant findings
obtained in the first study would generalize to other visual-motor tasks obtained post-implantation.

A total of 30 school-aged children, ages 6 to 14 years, were recruited for this study. Criteria for
inclusion in the study were: prelingually deaf prior to age 4, implantation prior to age 6 years, and use of
a CI for at least two years. Age of implantation ranged from 1 to 6 years. Duration of CI use varied from
3 to 11 years. All of the children were enrolled in mainstream educational environments. Twenty-five
participants were in oral educational environments (auditory-verbal or auditory-oral) and five were in
total communication environments. All of the children had hearing parents. The measures reported here
were collected as part of a larger study investigating neuropsychological functioning, phonological
processing, and reading skills in prelingually-deaf children with CIs (Dillon, 2005; Fagan et al., 2007,
Horn, Fagan et al., 2007). Each participant was tested in a single 1.5 hour testing session during which
several standardized tests of nonverbal development, vocabulary, and spoken-language processing were
administered.

Design Copying is very similar to the Beery VMI test used in the first study. This test is a pencil-
and-paper test that measures a child’s ability to copy two-dimensional geometrical figures of increasing
complexity with no time limits. Visual-Motor Precision is a timed maze-tracing task containing two
mazes, a Simple Maze and a Complex Maze. Children were instructed to draw a line down the track as
fast as they could without crossing the lines or rotating the paper. Composite raw scores for each maze
reflected number of errors (number of times the line crossed the track) and speed (time to complete the
task). Fewer errors and faster speed contributed to higher raw scores.

Several conventional speech and language outcome measures were also obtained from each
child. Open-set word recognition was assessed with the PBK test. The PPVT was administered to assess
receptive vocabulary knowledge. The Forward Digit Span and Backward Digit Span subtests of the
WISC-III (Wechsler, 1991) were also administered to measure information processing capacity. Forward
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span was included to measure immediate memory capacity and verbal rehearsal; backward span was used
to measure working memory capacity. Test sentences developed by McGarr (1983) were used to estimate
verbal rehearsal speed (Pisoni, & Cleary, 2003; Baddeley et al., 1975). The children were asked to repeat
the sentences aloud and their utterances were recorded and then later measured for length of utterance in
seconds.

If average Design Copying performance of prelingually-deaf children with Cls is similar to their
age-matched hearing peers, we would expect that mean age equivalent score to be close to the mean age
of the sample. Mean Design Copying was 8.14 years while the mean age of the sample was 9.13 years.
This difference was statistically significant. While most children fell within normal limits, the mean
performance on Design Copying was lower than would be expected from a sample of age-matched
hearing peers. The same pattern was observed for the Visual-Motor Precision scores.

Correlations were carried out on both sets of visual-motor scores. The only demographic factor
found to correlate significantly with these scores was age at implantation. Children who received a CI at
an earlier age tended to show higher Design Copying and Visual-Motor Precision scores than children
implanted at later ages. Several correlations were also carried out on the language measures. For the
correlations that were significant, partial correlations were conducted to control for the effect of age at
implantation. Design Copying showed significant correlations with PPVT, PBK and with backward digit-
span scores. Each of these relationships remained significant after partial correlations were carried out to
control for age at implantation. Visual-Motor Precision scores were also significantly correlated with
PBK scores.

Overall, performance on both Design Copying and Visual-Motor Precision tasks was below of
the scores reported for hearing peers based on the NEPSY norms. Unlike the first study in which
preimplant VMI scores were not significantly below normative data, the present results replicate earlier
findings showing that visual-motor integration skills of deaf children are delayed compared to hearing
children (Erden, Otman & Tunay, 2004; Tiber, 1985). When administered prior to implantation, it is
possible that VMI and design copying tests are not sensitive enough to pick up differences between
prelingually-deaf children and hearing peers. It is also possible that visual-motor integration skills display
a slower developmental trajectory in prelingually-deaf children, compared to hearing children and, thus,
delays in visual-spatial processing skills may only become apparent at later ages.

As in the first VMI study, longer periods of deafness prior to implantation were associated with
greater delays on the Design Copying and Visual-Motor Precision. Children implanted at later ages
showed lower Design Copying and Visual-Motor Precision standard scores than children implanted at
earlier ages. Although the above correlations are not causal, they suggest that a period of auditory
deprivation and language delay may lead to atypical development of non-verbal visual-spatial skills such
as those assessed in the VMI tests. While recent neuroimaging work has begun to reveal mechanisms of
auditory cortical plasticity underlying speech-perception and production outcomes (Lee, D. et al., 2001;
Sharma, Dorman, & Spahr, 2002), little is currently known about how non-verbal processes such as
visual-spatial coding and sensory-motor processes are affected by a period of profound deafness and
delay in language. In a recent paper by H. Lee et al. (2005), increased pre-implant PET activity in frontal
and parietal cortex, brain areas involved in behavioral control and visual-spatial processing, was found to
be a predictor of post-implant speech perception scores.

One important finding that emerged from this study was that the Visual Motor Precision task was

not correlated with the speech perception, vocabulary or Design Copying scores. The absence of a
correlation between Visual-Motor Precision scores and backward digit span suggests that verbal working
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memory was not strongly recruited during the Visual-Motor Precision task. The Visual Motor Precision
test differs in several ways from the VMI and Design Copying tasks. First, Visual Motor Precision
involves a tradeoff between speed and accuracy and therefore recruits controlled/executive attention and
behavioral inhibition systems much more strongly than the Design Copying task. Further analyses of
speed and error measures of the Visual-Motor Precision as a function of age at implantation revealed that
children implanted earlier who had higher overall Visual-Motor Precision scores made fewer errors
overall but completed the visual mazes more slowly than children who were implanted later.

These findings suggest that early auditory experience not only affects speech perception and
language processing skills but it also affects the development of attentional and behavioral inhibition
systems. Several investigators have reported that deaf children with CIs show more age-typical
performance on visual-only tests of sustained attention than deaf children without CIs who use hearing
aids (Quittner, Smith, Osberger, Mitchell, & Katz, 1994; Smith, Quittner, Osberger & Miyamoto, 1998).
Sustained attention has also been shown to improve with length of CI use (Horn, Davis, Pisoni &
Miyamoto, 2005b) .Furthermore, the ability of prelingually-deaf children with CIs to regulate and delay
premature behavioral responses has been shown to increase with CI use and to be related to performance
on several spoken-language measures (Horn et al., 2005). The findings obtained with the Visual Motor
Precision task provide additional converging support for these earlier findings on the development of
attention and behavioral regulation, processes that reflect the operation of cognitive control and
executive function.

The studies carried out recently in our center by Horn et al. demonstrate that visual-motor
integration skills in prelingually-deaf children are influenced by early auditory and linguistic experience.
The findings suggest that early experience and activity affects the development of several basic
elementary information-processing operations that are independent of the sensory domain. While the
precise underlying neurobiological mechanisms behind these findings are still unclear, the results suggest
that working memory, subvocal verbal rehearsal, and behavioral inhibition, neurocognitive processes
typically associated with frontal lobe executive function may play important roles in cognitive control
and self-regulation used in a wide range of behavioral tasks commonly used to assess speech and
language outcomes in both hearing children and deaf children with Cls (see Hauser & Lukomski, in
press).

The results reported by Horn et al. also demonstrate that several visual-motor integration tests,
such as the Beery VMI, the NEPSY, Design Copying and Visual Motor Precision tests, can be used
clinically to predict outcomes following implantation. These standardized neuropsychological tests,
which can be easily administered to deaf children because they do not require auditory processing skills,
should be considered as potential additions to assessment batteries used with this clinical population both
pre- and post-implantation.

Cognitive Control and Executive Function. While the issues of variability and individual
differences have been addressed by two previous NIH Consensus Conferences on Cochlear Implants in
1988 and 1995, very little progress has been made in identifying the neurobiological substrates and
cognitive processes that are responsible for individual variation in speech and language outcomes. Many
deaf children do not have only a hearing loss resulting from a congenital profound deafness. Other
neurocognitive systems are also affected by a period of deafness and delay in language development and
these may develop in an atypical manner in the absence of sound and auditory experience during early
development, especially during the first few years of life.
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When compared with findings obtained on behavioral tests with hearing children, our findings
suggest that several aspects of executive function and frontal lobe activity may be disrupted or delayed
and may underlie the differences we have observed in traditional outcome measures. Executive function
is an umbrella term in neuropsychology and cognitive neuroscience that includes several different
processing domains such as attention, cognitive control, working memory, and inhibition (see Hauser &
Lukomski, in press).

Many cognitive neuroscientists believe that executive function involves using prior knowledge
and experience to predict future events and modulate the current contents of immediate memory
(Goldman-Rakic, 1988). There is general agreement that several different aspects of executive function
play important roles in receptive and expressive language processes via top-down feedback and control
of information processing activities in a wide range of behavioral tasks. The study of executive function
and frontal lobe processes may provide new insights into the neurobiological and cognitive basis of
individual differences following cochlear implantation.

BRIEF, LEAF and CHAOS Rating Scales of Executive Function. We are now engaged in a
series of new studies to assess the contribution of executive function and self-regulation in the
development of speech and language processes in deaf children following cochlear implantation. To
obtain measures of executive function as they are realized in the real-world like home, school or
preschool settings, outside the highly controlled conditions of the audiology clinic or research laboratory,
we have been using a neuropsychological instrument called the BRIEF (Behavior Rating Inventory of
Executive Function) (Psychological Assessment Resources, Inc, 1996). Three different forms of the
BRIEF are available commercially with appropriate norms. One form was developed for preschool
children (BRIEF-P: 2.0- 5.11 years); another for school-age children (BRIEF: 5-18 years) and finally one
was also developed for adults (BRIEF-A: 18-90 years). The BRIEF family of products was designed to
assess executive functioning in everyday environments.

The BRIEF and BRIEF-P, the forms we are using, consist of a rating form that is filled out by
parents, teachers and daycare providers to assess a child's executive functions and self-regulation. These
forms contain rating scales that measure specific aspects of executive function related to inhibition,
shifting of attention, emotional control, working memory, planning and organization among others.
Scores from these clinical subscales are then used to construct several indexes of behavioral regulation,
inhibitory self-control, flexibility and metacognition. Each rating inventory also provides a global
executive composite score.

The BRIEF has been shown in a number of recent studies to be useful in evaluating children with
a wide spectrum of developmental and acquired neurocognitive conditions although it has not been used
yet with deaf children who use cochlear implants (Gioia, Isquith, Kenworthy & Barton, 2002 ). From our
preliminary work so far, we believe that this instrument may provide new measures of executive function
and behavior regulation that are associated with conventional speech and language measures of outcome
and benefit in this clinical population. Some of these measures can be obtained preimplant and therefore
may be useful as behavioral predictors of outcome and benefit after implantation.

Our initial analysis of recent data obtained on the BRIEF from 15 hearing 5-8 year-old children
and 12 deaf 5-10 year-old children with CIs revealed elevated scores in the CI group on several
subscales (Conway et al., 2007b). The group means on the Behavioral Regulation Index (BRI),
Metacognition Index (MCI) and the Global Executive Composite (GEC) scores were all higher for deaf
children with ClIs than hearing children although none of them fell within the clinically significant range.
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Examination of the eight individual clinical subscales showed consistent differences in shifting,
emotional control, initiation, working memory, planning and organization and organization of material.
The elevated scores on the BRI suggest that a period of profound deafness and associated language delay
before cochlear implantation not only affects basic domain-specific speech and language processes but
also affects self-regulation and emotional control, metacognitive processes not typically considered to be
sequela of deafness and sensory deprivation in this population (see Schorr, 2005). The BRIEF scores
from this new study provide additional converging evidence that multiple processing systems are linked
together in development and that disturbances resulting from deafness are not domain-specific and
restricted only to hearing and processing auditory signals by the peripheral auditory system.

Analysis of the scores obtained on both the LEAF, which was developed to measure executive
function in the context of learning environments, and the CHAOS, which was designed to screen for
ADHD, and disruptive behavior symptoms, also revealed elevated scores on the clinical subscales for the
children with CIs compared to the hearing comparison group. In particular, differences were observed in
learning, memory, attention, speed of processing, sequential processing, complex information processing
and novel problem solving subscales on the LEAF and attention, hyperactivity and opposition problems
on the CHAOS. No differences were observed on the conduct disorder subscale of the CHAOS.

These additional results reflecting real-world behaviors demonstrate the involvement of several
parallel information processing systems and neural circuits involved in learning, memory, attention and
processing of complex sequential information. Deaf children with CIs show evidence of disturbances in
cognitive and emotional control, monitoring behavior, self-regulation, planning and organization. These
differences are not isolated domain-specific symptoms but reflect domain-general properties of an
integrated system used in language and cognition linking brain function and behavior with the executive
control processes that monitor and regulate on-going behavior and social functioning in novel
environments where highly robust adaptive behaviors are routinely required.

GENERAL DISCUSSION

We have presented the results from a large number of studies carried out in our center covering a
range of information processing domains. In this section, we provide a brief overview and summary of
the major findings of these studies and suggest several conclusions about what these findings mean. We
then offer several suggestions for how to understand and interpret these diverse findings in terms of both
their direct clinical significance and more basic theoretical relevance for understanding and explaining
the neurocognitive factors that are responsible for the large individual differences observed in
conventional outcome measures of speech and language following cochlear implantation.

What do all of these diverse behavioral measures have in common? At first glance, the diverse
pattern of differences observed across these tasks may seem diffuse and anomalous. However, more
careful examination reveals they have links in common and show several important similarities with an
extensive clinical literature on frontal lobe disturbances and executive dysfunction. These frontal lobe
disturbances are associated with differences in controlled attention, monitoring of verbal information in
working memory, functional integration, organization and coordination, self-regulation, inhibition,
planning, and using prior knowledge and experience to predict future events and actions in the service of
speech and language processing as well as other processing domains.

One of the hallmarks of research on ClIs is the enormous variability and individual differences in

outcome and benefit. Given this problem, which is observed universally at all implant centers around the
world, how can we begin to identify the underlying neurobiological and cognitive factors and explain the
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heterogeneity in speech and language outcomes? Are there a set of “core” attributes or common “defining
features” or are there several different distinct subgroups of CI users? At this point in time, we cannot
provide a definite answer to this question, but understanding the sources of variability in outcome has
both clinical and theoretical significance and additional research using new methods and experimental
techniques will provide answers to these questions.

Some of the best CI users overlap on specific behavioral measures with hearing children on the
low end of a distribution of scores. In contrast, other children with CIs do more poorly and get little
benefit from their CIs. At the present time, we do not know whether these individual differences lie on a
continuum or whether there are specific subtypes of poor users and we do not know what neurocognitive
processes and underlying neural circuits are responsible for these differences. Are the low performers
simply poor on all outcome measures or is their performance restricted more selectively to only certain
subtests and specific domains? These are important problems to explore because basic knowledge and
understanding of the sources of variability in outcome will have several direct implications for diagnosis,
treatment and assessment.

Theoretical and Clinical Issues. Are the problems observed with poor users “domain-" and
“modality-specific,” restricted to processing only speech and auditory signals? Or are their disturbances
“domain-general” and “amodal” reflecting contributions of common basic elementary information
processing operations shared by language and other information processing systems and
neuropsychological domains regardless of processing domain or sensory modality. Our findings suggest
that some deaf children with CIs have disturbances and delays with both “automatized” processes, ones
typically carried out rapidly without conscious awareness or processing efforts, as well as “controlled”
processing, operations that require active attention, processing resources and mental effort, working
memory, cognitive control and executive function. Similar findings are discussed by Hauser and
Lukomski (2008) and Marschark and Wauters (2008) both in press. Some children can adapt and
overcome the first problem which is related to encoding and registration of early sensory information by
using “controlled” conscious processes but other children may have more difficulty overcoming basic
sensory limitations. Children who have delays or disturbances in both processing domains may be at
much greater risk for doing poorly with their CI.

Functional Integration of Brain and Behavior. One of the major problems of past research
efforts on ClIs, especially research on variability and individual differences in outcome, is that the field of
CIs has been and continues to be intellectually isolated from the mainstream of research in cognition and
neural sciences and is narrowly focused on clinical issues surrounding efficacy and outcomes. CI
researchers and clinicians have adopted an approach to hearing loss that ignores the role of functional
connectivity and global systems-level integrative processes in speech and language.

There is now a growing consensus among speech scientists and psycholinguists that speech
perception and spoken language processing do not take place in isolation and are heavily dependent on
the contribution of multiple brain systems. All behavioral responses in any psychological task are a
function of long sequences of processing operations. No part of the brain, even for sensory systems like
vision and hearing, ever functions in isolation on its own without multiple connections and linkages to
other parts of the brain and nervous system. As Nauta (1964) pointed out many years ago “It seems that if
we try to discover the ways in which any part of the brain functions, it is only logical to try to find out in
what way it acts within the brain as a whole... no part of the brain functions on its own, but only through
the other parts of the brain with which it is connected” (p. 125). These observations apply equally well
today in terms of research on cochlear implants.
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Automatized and Controlled Processing. Our recent findings on deaf children with Cls suggest
that in addition to the traditional demographic, medical and educational variables that have been found to
predict some proportion of the variance in traditional audiological measures of outcome and benefit,
there are several additional sources of variance that reflect the contribution of basic information
processing skills commonly used in a wide range of language processing tasks, specifically, those which
rely on rapid phonological encoding of speech and verbal rehearsal strategies in working memory and
executive function. Thus, some proportion of the variability and individual differences in outcome
following cochlear implantation is related to central auditory, cognitive and linguistic factors that reflect
how the initial sensory information transmitted by the CI is subsequently encoded and processed and how
it is used by the listener in specific behavioral tasks that are routinely used to measure speech and
language outcomes and assess benefit.

Can we identify a common factor that links these diverse sets of findings together? A coherent
picture is beginning to emerge from all of these results. At least two factors contribute to success with a
CI. One factor is the development and efficient use of rapid automatized phonological processing skills.
This is a significant contributor above and beyond the traditional demographic, medical and educational
variables that have been found to be associated with outcome and benefit following cochlear
implantation. Phonological analysis involves the rapid encoding and decomposition of speech signals
into sequences of discrete meaningless phonetic segments and the assignment of structural descriptions to
these sound patterns that reflect the linguistically significant sound contrasts of words in the target
language.

For many years, both clinicians and researchers have considered open-set tests of spoken word
recognition performance to be the “gold standard” of outcome and benefit in both children and adults
who have received CIs. The reason open-set tests are viewed in this way is because they require several
component processes including speech perception, verbal rehearsal, retrieval of phonological
representations from short-term memory, and phonetic implementation strategies required for speech
production, motor control and response output. All of these subprocesses rely on rapid highly
automatized phonological processing skills for analysis and decomposition of the input signal in
perceptual analysis and the reassembly and synthesis of these units into action sequences as motor
commands and articulatory gestures for output and speech production. All of these open-set tests also
load heavily on cognitive control processes and executive function. They require organization and
coordination, planning, inhibition, attention, monitoring and manipulation of symbolic phonological
representations in working memory and they make extensive use of past experiences and immediate
context to predict, modulate and control future behavior.

When prelingually deaf children receive a CI as a treatment for their profound hearing loss, they
do not simply have their hearing restored at the auditory periphery. After implantation, they receive novel
stimulation to specialized cortical areas of their brain that are critical for the development of spoken
language and, specifically, for the development of automatized phonological processing skills that are
used to rapidly encode, process and reproduce speech signals linking up sensory and motor systems in
new ways. Moreover, many different neural circuits in other areas of the brain also begin to receive
inputs from auditory cortex and brainstem and these contribute to the global connectivity and integrative
functions linking multiple brain regions in regulating speech and language processes in a highly
coordinated manner.

The present set of findings permits us to identify a specific information processing mechanism,

the verbal rehearsal process in working memory, that is responsible for the limitations on processing
capacity (see also chapters by Marschark & Wauters and Hauser & Lukomski, in press). Processing
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limitations are present in a wide range of clinical tests that make use of verbal rehearsal and phonological
processing skills to rapidly encode, store, maintain and retrieve spoken words from working memory.
These fundamental information processing operations are components of all of the current clinical
outcome measures routinely used to assess receptive and expressive language functions. Our findings
suggest that the variability in performance on the traditional clinical outcome measures used to assess
speech and language processing skills in deaf children after cochlear implantation reflects fundamental
differences in the speed of information processing operations such as verbal rehearsal, scanning of items
in short-term memory and the rate of encoding phonological and lexical information in working memory.

Controlled Processing and Executive Dysfunction. A second factor uncovered in our research
reflects differences in behavioral regulation, cognitive control and executive function, domain-general
metacognitive processes that are slow, effortful and are typically thought to be under conscious control of
the individual. One of the reasons we have focused our recent research efforts on executive function in
deaf children with CIs is that executive functions are domain-general processes that are involved in
regulating, guiding, directing and managing cognition, emotion and behavioral response and actions
across diverse environments, especially novel contexts where active problem solving skills are typically
required. Our recent findings suggest that the sequela of deafness and delay in language are not domain-
specific and restricted to only hearing and auditory processing. Other neurocognitive systems display
disturbances and these differences appear to reflect the operation of domain-general processes of
cognitive control, self-regulation and organization.

Another reason for our interest in cognitive control processes in spoken language processing is
that executive function develops in parallel with other aspects of neural development, especially
development of neural circuits in the frontal lobe which are densely interconnected with other brain
regions. The development of bidirectional connections among multiple brain regions suggests that the
development of speech and spoken language processing may be more productively viewed within the
broad context of development as an integrated functional system rather than a narrow focus on the
development of hearing and the peripheral auditory system.

Moreover, large individual differences have been observed in the development of executive
function within and across cognitive, emotional and behavioral domains. Thus, variability in outcome
and benefit following implantation may not only reflect contributions from basic domain-specific
sensory, cognitive and linguistic processes related directly to the development of hearing, speech and
language function but may also reflect domain-general control processes that are characteristic of global
cognitive control, emotional regulation and behavioral response and action.

Focusing new research efforts on executive function and frontal lobe disturbances in deaf
children with CIs also provides a neurally-grounded conceptual framework for understanding and
explaining a diverse set of behavioral findings on attention and inhibition, memory and learning, visual-
spatial processing and sensory-motor function, traditional neurocognitive domains that have been studied
extensively in other clinical populations that have acquired or developmental syndromes that reflect
brain-behavior dysfunctions in these processing systems. Speech and language processing operations
make extensive use of these neurocognitive domains and it seems entirely appropriate to include these in
any future investigations seeking to understand and explain the basis of variability and individual
differences in speech and language outcome following cochlear implantation.

Recent theoretical developments in cognitive neuroscience have established the utility of viewing

the development and use of speech and language as embodied processes linking brain, body and world
together as an integrated system. There is every reason to believe that these new theoretical views will
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provide fundamental new insights into the enormous variability and individual differences in outcome
and benefit following cochlear implantation in profoundly deaf children and adults.

Without knowing what specific biological and cognitive factors are responsible for the enormous
individual differences in CI outcomes or understanding the underlying neurocognitive basis for variation
and individual differences in performance, it is difficult to motivate and select a specific approach to
habilitation and therapy after a child receives a CI. Deaf children who are performing poorly with their
ClIs are not a homogeneous group and may differ in numerous ways from each other, reflecting
dysfunction of multiple brain systems associated with congenital deafness and profound hearing loss.
Moreover, it seems very unlikely that an individual child will be able to achieve optimal benefits from
his/her CI without researchers and clinicians knowing why a specific child is having problems and what
particular neurocognitive domains and information processing systems underlie these problems.
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Perceptual Learning Under a Cochlear Implant Simulation

Abstract. Adaptation to the acoustic world following cochlear implantation does not
typically include formal training or extensive audiological rehabilitation. Can cochlear
implant (CI) users benefit from formal training, and if so, what type of training is best?
This study used a pre/post-test design to evaluate the efficacy and generalization of
training in normal hearing subjects listening to CI simulations (8-channel sinewave
vocoder). Subjects were trained with words (simple or complex), sentences (meaningful
or anomalous), or environmental stimuli, and then were tested using an open-set
identification task. Subjects were trained on only one type of material but were tested on
all materials. All groups showed significant improvement as a result of training, which
successfully generalized to some, but not all stimulus materials. For easier tasks, all
types of training generalized equally well. For more difficult tasks, training specificity
was observed. Training on speech did not generalize to the recognition of environmental
signals; however, training on environmental signals successfully generalized to speech.
These data demonstrate that the perceptual learning of degraded speech is highly
context-dependent and that the specific stimulus materials that a subject experiences
during training have a substantial impact on generalization to new materials.

Introduction

Despite the recent advances in cochlear implant (CI) technology, a large amount of variability in
outcome and benefit is consistently reported among CI users. Although differences in etiology, onset, and
duration of deafness, age at implantation and physiological factors (electrode insertion depth, availability
of viable neurons, etc.) can account for a portion of this variability (NIH, 1995), a considerable amount
of variability remains unexplained. The absence of rigorous standardized training regimens confounds
the issue at a fundamental level. The experiences of CI users may differ from the start, leading to
differences in auditory perceptual learning during adaptation to their prostheses. Could the
standardization of training establish a more stable foundation, and allow the dissociation of audiological
factors from other neural and cognitive factors? Moreover, what type of training is most effective, and
yields the most robust levels of generalization to new materials? The present study seeks to investigate
the efficacy of different training regimens in normal hearing subjects using both speech and
environmental stimuli that have been processed by a CI simulation.

Cochlear implantation can provide sufficient acoustic input to a deaf individual to allow the
establishment of some form of hearing (NIH, 1995). Whereas early implants provided the hope of
recovering some auditory ability, most recipients of modern implants have the expectation that they will
recover oral communication skills, including the ability to talk on the telephone (Shannon, 2005). In the
worst case, patients are expected to regain some awareness of sound (Clark, 2002), including the
detection and recognition of environmental signals. While clinicians often cite this benefit as part of the
rationale for implantation, the degree to which CI users can actually recognize and identify
environmental signals is largely unknown (cf., Reed & Delhorne, 2005).

Research using acoustic simulations of Cls has met with great success. From the earliest
simulations of Shannon and colleagues (Shannon, Zeng, Kamath, Wygonski & Ekelid, 1995), the
effectiveness and utility of acoustic models of Cls has been apparent. The vocoder model of a CI
simulates the limited number of spectral channels available in the electrode array by dividing the acoustic
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signal using a series of band-pass filters. Band limited noise replaces the spectrum of each band to
simulate the effect of wide-band electrical stimulation of each electrode. The amplitude envelope, which
is derived from the original bands using a low pass filter, is then used to modulate the noise to simulate
the temporal profile of electrical stimulation at each electrode. The result is a signal that acoustically
simulates the spectrally degraded conditions that CI users may normally encounter.

The seminal work of Shannon and colleagues using the vocoder demonstrated that high levels of
speech recognition persisted despite such radical spectral degradation (Shannon et al., 1995). Using
signals with one, two, three or four spectral channels, Shannon demonstrated that when more spectral
channels were available to the listeners, higher levels of perceptual identification were observed. A single
channel provided sufficient information to allow moderately accurate closed-set recognition of English
consonants and vowels (48% correct and 35% correct respectively), and as the number of channels
increased so did recognition rates. For vowels and meaningful sentences, asymptotic performance (>
90% correct) was reached with three channels, whereas recognition rates for consonants continued to
increase from three to four channels. Consonant recognition was far less robust than vowel recognition
due to several factors. When consonants were classified according to the guidelines of Miller and Nicely
(1955), perception of manner and voicing cues reached asymptote with just 2 spectral channels (> 90%
correct identification), as compared to classification based on place of articulation, which never exceeded
60% correct even with four channels. These data demonstrate the robust nature of the human perceptual
system, which can perform well even when spectral information is severely limited, so long as sufficient
temporal information is preserved (Shannon et al., 1995).

Follow-up studies further refined the methodology, expanding the number of channels available
and altering the carrier used. When the maximum number of spectral channels available was
incrementally increased from 4 to 9, asymptotic performance was observed for closed-set vowels with 8
channels, and meaningful sentences with 5 channels (Dorman, Loizou & Rainey, 1997). Consonant
identification reached asymptote with 6 channels, which was a result of increased accuracy in identifying
place of articulation, which also reached asymptote at 6 channels (Dorman et al., 1997). Moreover, the
type of carrier used did not appear to have an adverse effect on performance. In their original study,
Shannon and colleagues used a noise vocoder, in which white noise was used to remove the spectral
detail from each band (Shannon et al., 1995). The anecdotal reports of CI users, however, were not of
hearing bursts of noise, but of hearing “beep tones” (Dorman et al., 1997), raising the question of
whether noise is the most appropriate carrier to use (Dorman et al., 1997). Using a sinewave vocoder,
which replaces the spectral detail of each band with a sinusoid anchored at the band center, Dorman and
colleagues demonstrated that performance did not differ from that observed using the noise vocoder
(Dorman et al., 1997). Moreover, the performance of CI users on consonants and vowels was similar to
that of normal hearing subjects listening to six channel stimuli, demonstrating that the vocoder can
successfully simulate the output of a CI in order to elicit equivalent levels of performance (Dorman &
Loizou, 1998).

Although studies using the noise and sinewave vocoders have focused primarily on the
identification of linguistic content (e.g., isolated consonants and vowels), the real world is composed of
many other complex auditory events that are transmitted via the acoustic signal. Compared to speech,
considerably less is known about the perception of environmental sounds, both in the clear and processed
by vocoder models. Environmental signals are very useful for neuropsychological and cognitive
evaluation because they can assess basic sensory and cognitive capabilities without the added dimensions
of linguistic information and context. Although there may be some commonalities between the perceptual
systems required for the identification of speech and environmental stimuli, the degree to which they
operate independently is unknown. Some cross-modal priming has been observed for environmental
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stimuli. When the acoustic presentation of an unprocessed environmental stimulus is paired with the
orthographic presentation of the stimulus name during the study phase of an experiment, subjects are
faster and more accurate at identifying the stimulus during the test phase as compared to if they saw the
name presented without the sound (Chiu & Schacter, 1995). This priming effect is context specific,
however. If the exemplar is sufficiently different from the test stimulus, the strength of priming is
reduced (Chiu, 2000). For example, if the subject received one exemplar of an environmental stimulus
during the study phase (such as the sound of a bird chirping), but was tested with a different exemplar (a
different bird chirping), priming was significantly reduced. In speech, the stimulus-specific form can also
be preserved in addition to the more abstract symbolic lexical form (Lachs, McMichael & Pisoni, 2003).
Thus, at least at a surface level, it appears that environmental stimuli may be encoded in a similar manner
to speech.

Although the processing of environmental signals may share some similarity with the neural and
cognitive processes used to perceive speech, many of the acoustic (spectral and temporal) characteristics
of speech are fundamentally different from environmental signals (see Stevens, 1980 for example). In a
series of recent experiments investigating the perceptual identification of environmental signals, Gygi
and colleagues trained subjects to identify 70 environmental stimuli in the clear using a three-letter code
(Gygi, Kidd & Watson, 2004). They then processed the stimuli using a series of low, high, and band-pass
filters and tested subjects over a period of nine days. Overall, they found that both speech and
environmental stimuli may share a similar range of critical frequencies that are important for
identification. The most important acoustic information for the recognition of environmental stimuli lies
between 1200 and 2400 Hz, which is identical to the region identified as crucial for speech under the
Articulation Index (Gygi et al., 2004). Moreover, even when the stimuli were low-pass or high-pass
filtered at the extremes (300 and 8000 Hz), recognition remained higher than 50% correct (Gygi et al.,
2004).

When the stimuli were processed using one and six-channel noise vocoders, the results were
more variable. Naive subjects in both groups showed significant improvement over a two-day period (1-
channel: 13% correct on day 1 to 23% correct on day 2; 6-channel: 36% correct on day 1 to 66% correct
on day 2), but performance was significantly higher for the 6-channel stimuli (Gygi et al., 2004). Not
surprisingly, the stimuli that showed the greatest improvement were those that had broader harmonic
structure and spectral detail (Gygi et al., 2004). However, these results should be considered with some
caution because certain aspects of performance may be attributable to task familiarity. A group of
subjects who were first trained to criterion on the unprocessed stimuli performed significantly better on
the 1-channel stimuli than did the naive subjects (Gygi et al., 2004), which could be attributable to
increased experience with the three letter codes rather than to familiarity with the stimuli themselves. In
addition, Gygi and colleagues used a closed set recognition task, which constrains the possible choices
that subjects can make to those within a specified stimulus set. Subjects could have been systematically
eliminating the possible alternatives as they became increasingly familiar with the test set.

Using a slightly different task, Shafiro demonstrated that the reliance on spectral and temporal
information in the recognition of environmental stimuli processed with a noise vocoder may be different
than is observed for speech (Shafiro, 2004). Sixty environmental stimuli were processed with 2, 4, 8, 16
and 32 channel vocoders, and presented to normal hearing subjects using a Latin square design, such that
each subject only heard one version of a stimulus, but all band conditions were presented across all
subjects. In general, improved closed set recognition (out of 60) was observed as the number of channels
increased. With only 2 channels, performance was low (32% correct), but reached asymptote at 66%
correct with 16 channels (Shafiro, 2004). Moreover, the performance depended on the stimulus itself:
while some environmental stimuli showed increases in accuracy with the addition of more spectral
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channels, others showed decreases (Shafiro, 2004). In particular, stimuli that relied more on spectral
information (e.g., church bell, birds chirping) showed increases, whereas those that relied more on
temporal information (e.g., clapping, footsteps) showed decreases. Thus, it appears that some
environmental stimuli may show an altogether different pattern of spectro-temporal dependence as
compared to speech signals.

Relatively few studies have examined the perception of environmental stimuli by CI users. Using
a closed-set testing format, Tye-Murray and colleagues assessed the abilities of fourteen CI users to
identify 36 environmental stimuli at 1, 9, 18 and 30 months post-implantation (Tye-Murray, Tyler,
Woodward & Gantz, 1992). Overall, performance increased significantly over time, from about 32%
correct at 1 month, to 38% correct at 9 months, and topping out at 42% correct at 18 months (Tye-
Murray et al., 1992). These gradual changes were statistically significant, although far slower than the
gains typically observed for speech. A more recent study by Reed and Delhorne (2005) compared
environmental sound recognition and NU-6 word identification. Environmental stimuli were organized
into four thematic lists of ten stimuli each, and subjects made closed set responses by clicking one of ten
buttons presented on a computer screen. Performance of the eleven CI users differed across the four lists
of environmental stimuli, with a mean identification score of 79% correct (Reed & Delhorne, 2005).
Average performance on the closed set environmental stimulus identification was significantly better
than performance on the open set word identification, which was only 39% correct (Reed & Delhorne,
2005). Subjects were divided into high performing and low performing groups based on the median score
for word identification (34% correct). High performing subjects (> 34%) performed better at identifying
environmental stimuli than did low performing subjects (Reed & Delhorne, 2005). The authors
hypothesized that the differences in performance may be due to differences in exposure to environmental
stimuli in their daily environment (Reed & Delhorne, 2005). However, it is unclear whether additional
exposure or standardized training could increase the performance of the low performing subjects.

One common theme throughout the studies using vocoded signals is the issue of perceptual
learning. Even though subjects can accurately identify speech processed by a vocoder, a period of
adjustment is frequently required. In the original Shannon study, subjects received 8-10 hours of
exposure to the synthesis condition in order to adapt to the stimuli and stabilize their performance
(Shannon et al., 1995). Explicit training on the testing materials was used in the studies by Dorman and
colleagues in order for subjects to “warm up” to the synthesis condition (Dorman et al., 1997; Dorman &
Loizou, 1998). Although some type of auditory training is necessary when adapting to acoustic
simulations of Cls, the best and most efficient form that maximizes perceptual learning and promotes
robust generalization and transfer to other materials has not been adequately examined.

In a series of recent experiments, Davis and colleagues investigated the use of lexical
information during adaptation to 6-channel noise vocoded sentences (Davis, Johnsrude, Hervais-
Adelman, Taylor & McGettigan, 2005). Five experiments were conducted in order to examine the
mechanisms of perceptual learning. In the first experiment, they assessed whether exposure to the
stimulus materials without any feedback results in perceptual learning. Subjects were presented with a set
of thirty sentences that were processed with the vocoder and asked to transcribe as much of each as
possible. Open set identification increased significantly across the 30 sentences, from 32% correct
keyword identification on the first ten sentences to 43% correct on the last 10 sentences. These gains can
be attributed to perceptual attunement to vocoded speech, since subjects received no feedback.

The effectiveness of auditory feedback was assessed in Experiment 2. Like Experiment 1,

subjects transcribed each sentence; however, after they made their response they were provided with
auditory feedback. One group heard the “distorted” sentence followed by the unprocessed version
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(DDC), whereas the other group heard the clear sentence followed by the repetition of the distorted
version (DCD) in order to elicit stimulus pop out. Both groups showed significant gains as a result of
training, increasing from 43% to 73% correct from the first to final 10 sentences for subjects in the DDC
group, and from 50% to 77% correct for subjects in the DCD group. Although both groups showed
equivalent gains, the group who received the DCD training experienced performed significantly better
(Davis et al., 2005).

The typical CI user will not have access to the unprocessed version of a stimulus, however, so in
Experiment 3, Davis and colleagues explored whether the addition of the orthographic version of the
sentence enhances perceptual learning (Davis et al., 2005). Subjects either received feedback in the form
of the repetition of the distorted version of the sentence paired with and without the written transcription.
Subjects who were presented with the repetition of the distorted sentence alone showed significant
improvement, increasing from 38% correct to 69% correct. Subjects who also received the orthographic
form of the stimulus performed significantly better, improving from 50% to 77% correct, a level of
performance identical to those subjects in experiment 2 who experienced stimulus pop out. Such
comparable improvement suggests that presentation of the orthographic form of the sentence is just as
effective as presentation of the original unprocessed acoustic version (Davis et al., 2005).

Although these gains are impressive, one potential factor that could contribute to the results of
the first three experiments is the use of contextually constrained meaningful sentences. When Davis and
colleagues controlled the amount of lexical information in the sentences, however, the amount of
learning varied (Davis et al., 2005). Subjects who were trained with sentences comprised entirely of non-
words improved with training, but performed significantly more poorly than those who were trained on
meaningful sentences (Experiment 4). This experimental task may be more difficult, however, given that
the materials are not valid English words. To examine these effects more in more detail, Davis and
colleagues conducted a final experiment that systematically varied the amount of lexical information.
Subjects were trained on meaningful sentences, semantically anomalous sentences (sentences where the
function words are correctly placed, but the content words are unrelated), non-word sentences, or
Jabberwocky sentences (anomalous sentences where the content words are replaced by non-words). All
groups showed improvement over the training interval, and two distinct groups emerged based on
performance. Subjects who were trained on meaningful and anomalous sentences performed identically
to one another, and significantly better than those trained on non-word and Jabberwocky sentences.
These findings suggest that access to the syntactic structure may be required in order to elicit effective
levels of learning (Davis et al., 2005).

The results reported by Davis and colleagues raise several important questions. Although they
demonstrated that feedback significantly influences performance, the type of feedback they used would
not necessarily apply to the typical CI user. In an individual with electric hearing, there is never an
opportunity for the presentation or repetition of the unprocessed stimulus. The finding that the subjects
who received orthographic feedback paired with the vocoded version of the sentence performed just as
well as those who received the clear version suggests that such feedback could be useful to CI users. In
addition, subjects who did not receive explicit feedback showed significantly lower levels of
performance overall, but still showed similar gains due to training.

In a more comprehensive study, Burkholder and colleagues (Burkholder, 2005; Burkholder,
Svirsky & Pisoni, submitted 1; 2) demonstrated that the use of feedback consisting of the correct
orthographic form of the sentence paired with the repetition of the vocoded stimulus produced
significantly greater pre to post-test gains than receiving the unprocessed version alone. Moreover,
subjects who were trained on the anomalous sentences showed identical pre to post-test gains as subjects
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trained on meaningful sentences, but showed significantly greater benefits during generalization to new
materials including environmental stimuli (Burkholder, 2005; Burkholder et al., submitted 1; 2). These
data suggest that access to the syntactic structure of the sentence without relying on sentence meaning
may provide a greater benefit, presumably because the listener is forced to reallocate attention to the
acoustic-phonetic structure of the signal and rely on bottom-up processes for recognition. This point is
underscored in the observation that training on speech stimuli successfully generalized to the
identification of environmental stimuli.

One limitation of the studies by Burkholder and colleagues is that they only assessed the
generalization of training with speech to environmental stimuli, but not the converse. If subjects are
relying on the acoustic structure of the stimuli, one would predict that training on environmental stimuli
should successfully generalize to speech, an issue that we address in the current work. In addition, no
baseline identification data were collected for the environmental stimuli, so it is unknown if the subjects
were performing significantly better at identifying the environmental stimuli than with no training at all.
Moreover, although training with meaningful sentences appears to generalize to novel sentences, it is
unknown whether this training generalizes to single words. Anomalous sentences can be conceptualized
as a series of unrelated words connected by a permissible syntactic structure. If this is the case, then
training on single word identification should generalize to anomalous sentences and vice versa. In
addition, previous studies have shown that training on simple CV and CVCs may produce only modest
gains in performance on sentence identification (Fu, Galvin, Wang & Nogaki, 2006). It is unclear
whether the converse is true; that is, would training on sentences, both high and low in context,
generalize to single words and CVCs?

As there are currently no standard rehabilitation protocols following cochlear implantation,
understanding how the perceptual learning of spectrally degraded stimuli transfers to new materials is
especially relevant. Evaluating the strengths and weaknesses of different training paradigms is critical for
the development of rehabilitation strategies that maximize perceptual learning and promote robust
generalization to new materials. The purpose of the present study, therefore, was to examine the effect of
training on the recognition of speech and environmental stimuli processed by a sinewave vocoder.
Specifically, we assessed the perceptual learning of CVCs, words, meaningful sentences, anomalous
sentences and complex non-speech environmental stimuli using a pre/post-test design, and compared the
generalization to different materials.

Method
Subjects

One hundred thirty normal-hearing adults from the IU community participated in the study. Of
the 130 subjects, 95 were female, 34 were male, and one self reported being transgender. Subjects ranged
in age between 18 and 60, with a mean age of 22.7 years. All subjects reported having uncorrected
normal hearing and that English was the first language that they learned in infancy. Most subjects (n=
117) were monolingual; although a small number reported being fluent bi- (n= 11) or tri-lingually (n= 2).
Subjects were given credit in their Introductory Psychology course for their participation (n= 34), or
were paid at the rate of $10 per hour (n= 96).

Of the 130 subjects, five were excluded from the final data analysis. One subject was excluded
after reporting that he/she could not hear the stimuli as speech. One subject was excluded due to a
program malfunction. After the experiment, one subject revealed that they were not a native English
speaker, and so their data were excluded. Two subjects were excluded after the decision was made that
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they were not on task: one subject left many spaces intentionally blank and made frequent spelling errors
that rendered the data impossible to score, and the other typed only gibberish (random keystrokes) rather
than making a meaningful response to the stimuli.

Stimuli

Stimulus materials came from five different corpora that consisted of digital wave files of
meaningful words, meaningful sentences, anomalous sentences, and environmental signals.

Modified Rhyme Test. The Modified Rhyme Test (MRT) corpus consisted of 300 words
organized into fifty lists, where each list contains six rhymed variations on a common syllable (House,
Williams, Hecker & Kryter, 1965). Within each list, the word initial or word final consonant is
systematically varied to produce six items each differing only by a minimal pair (e.g., “bat”, “bad”,
“back”, “bass”, “ban”, “bath”). Stimuli consisted of ninety CVC words drawn from the MRT list, and
their associated wav file recordings that were obtained from the PB/MRT Word Multi-Talker Speech
Database in the Speech Research Laboratory at Indiana University, Bloomington. A female talker
produced forty-two of the words, and a male talker, the remaining forty-eight.

Phonetically Balanced Words. The Phonetically Balanced corpus (PB) consisted of twenty lists
of fifty monosyllabic words whose phonemic composition approximates the statistical occurrence in
American English (e.g., “bought”, “cloud”, “wish”, “scythe”) (Egan, 1948). Stimuli consisted of ninety
unique words drawn from lists 1-3 of the PB corpus so that no overlaps occurred with those selected from
the MRT corpus. Wav file recordings were obtained from the PB/MRT Word Multi-Talker Speech
Database in the Speech Research Laboratory at Indiana University Bloomington. Half of the stimuli were

produced by a male talker, and the other half by a female talker.

Harvard/IEEE Sentences. The Harvard/[EEE Sentence database consisted of seventy-two lists
of ten meaningful sentences (IEEE, 1969). These phonetically balanced (relative to American English)
sentences contained five keywords embedded in a semantically rich meaningful sentence (e.g., “Her
purse was full of useless trash”, “The colt reared and threw the tall rider”). Stimuli consisted of twenty-
five sentences drawn from lists 1-10 of the Harvard/IEEE Sentence database and their associated wav file
recordings that were obtained from the speech corpus originally created by Karl and Pisoni (1994). A
female talker produced fourteen sentences and a male talker produced the remaining eleven. Selection of
these two talkers was based on their production of speech that was highly intelligible (90% correct
keyword accuracy across the 100 sentences) as demonstrated by previous research (Bradlow, Toretta &
Pisoni, 1996).

Anomalous Harvard/IEEE Sentences. Semantically anomalous sentences preserve the
canonical syntactic structure of English, but have no meaning. The anomalous sentences from the corpus
of Herman and Pisoni (2000) used the Harvard/IEEE sentence materials to create phonetically balanced
meaningless sentences. The keywords from the 100 sentences in lists 11-20 were coded according to
semantic category (noun, verb, adjective, adverb) and replaced with words from equivalent semantic
categories from lists 21-70 (Herman & Pisoni, 2000). This operation created sentences that have legal
syntactic structure in American English, but were semantically anomalous (e.g., “Trout is straight and
also writes brass”, “The deep buckle walked the old crowd”), thus precluding subjects from using
semantic context to identify the keywords. Stimuli consisted of twenty-five anomalous sentences drawn
from the anomalous Harvard/IEEE sentences corpus of Herman and Pisoni (Herman & Pisoni, 2000) and
their associated wav file recordings. A female talker produced 13 of the sentences, whereas a male talker
produced the remaining 12 sentences.
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Environmental Stimuli. The environmental signal database of Marcell and colleagues consists
of stimuli recorded from a wide variety of acoustic environments developed for use in
neuropsychological evaluation and confrontation naming studies (Marcell, Bordella, Greene, Kerr &
Rogers, 2000). The 120 stimuli in the corpus contain sounds from various acoustic events spanning a
wide variety of categories: sounds produced by vehicles (e.g., automobile, airplane, motorcycle), animals
(bird, dog, cow), insects (mosquito, crickets), non-speech sounds produced by humans (snoring, crying,
coughing), musical instruments (piano, trumpet, flute), tools (hammer, vehicles), liquids (water boiling,
rain) among others. These signals have been normed in a group of neurologically intact subjects on a
variety of subjective (e.g., familiarity, complexity, pleasantness and duration) and perceptual measures
(e.g., naming accuracy and naming response latency) (Marcell, Bordella, Greene, Kerr & Rogers, 2000).
Stimuli consisted of ninety environmental stimuli and their associated wav file recordings obtained from
a digital database published by the authors on the Internet (http://ww.cofc.edu/~marcellm/confront.htm).
Stimulus selection from a variety of acoustic categories provided a wide representation of sound types
and familiarity ratings.

Synthesis

Stimulus processing used a freeware program (Tiger CIS) developed for research that is available
on the Internet (http://www.tigerspeech.com/). The software simulated an 8-channel CI using the CIS
processing strategy. Stimulus processing involved two phases, an analysis phase, which divides the signal
into bands and derives the amplitude envelope from each band and a synthesis phase, which replaces the
frequency content of each band with a sinusoid that is modulated with the appropriate amplitude
envelope. Analysis used band-pass filters to divide the stimuli into 8 spectral channels between 200 and
7000 Hz in steps with corner frequencies based on the Greenwood function (24 dB/octave slope).
Envelope detection used a low pass filter with an upper cutoff at 400 Hz with a 24 dB/octave slope.
Following the synthesis phase, the modulated sinusoids were combined and saved as 22 kHz 16 bit
windows PCM wav files. Normalization of the wav files to a standard amplitude (65 dB RMS) using a
leveling program (Level v2.0.3 Tice & Carrell, 1998) ensured that stimuli were equal in intensity across
all materials, and that no peak clipping occurred.

Materials

Data collection used a custom script written for PsyScript, and implemented on four Apple
PowerMac G4 (512 Mb RAM) computers running OS 9.2.2, and four 15 inch color Sony LCD monitors
(1024x768 pixels, 75 Hz refresh). Audio signals were presented over four sets of Beyer Dynamic DT-100
headphones, calibrated with a voltmeter to a 1000 Hz tone at 70 dBv SPL using a voltage/intensity
conversion table for the headphones. Sound intensity was fixed within PsyScript in order to guarantee
consistent sound presentation across subjects.

Procedures

All methods and materials were approved by the Human Subjects Committee and Institutional
Review Board at Indiana University Bloomington. Informed consent was established before beginning
the experiment, and subjects were given a short subject information form asking for basic background
information (basic background, demographic and contact information) and inquiring as to any prior
hearing, speech, or language problems.
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Multiple booths in the testing room accommodated up to four subjects at the same time. Subjects
were informed that the stimuli they would hear were processed by a computer and that while they may
have difficulty understanding them at first, they would quickly adapt. On screen instructions preceded
each block to orient the subject to the materials and requirements of the upcoming task. Before the
presentation of each audio signal, a fixation cross, presented at the center of the screen for 500
milliseconds alerted the subject as to the upcoming trial. The fixation cross was erased, and the sound file
was presented at the next vertical retrace. Following stimulus offset, a dialog box appeared on the screen
prompting subjects to type in what they heard. There were no time limits for responding. Subjects
performed at their own pace, and were allowed to rest between each trial as needed. The experimental
session lasted on average 45 minutes. All subjects received written and verbal debriefing after the
experiment.

Training

Each training condition consisted of seven blocks. Stimuli were pre-randomized, and organized
into separate lists for presentation in each training condition. Although the stimuli used in each block
varied as a function of training materials, the same basic block design was consistent throughout all
conditions (Fig. 1). Each condition began with a pre-test (block 1), which assessed the subjects’ ability to
identify the materials before training began. At this point, subjects are naive to the stimulus processing,
and had received no familiarization or adaptation. During the training sessions, subjects heard a stimulus,
and then responded in the dialog box that appeared on the computer screen. Following their response,
subjects received feedback in the form of the repetition of the processed auditory stimulus paired with the
written form of the stimulus on the computer screen (the transcription of the word or sentence, or the
descriptive label of the environmental stimuli) irrespective of whether their previous response was
correct. An intervening generalization block occurred between the training block (block 2) and the post-
test block (block 4). During the post-test, subjects heard a selection of old materials from the pre-test and
post-test, as well as new materials from the same category. The post-test materials were selected to assess
the effects of explicit training (using training materials), familiarity without explicit training (pre-test
materials) and novelty (previously unheard materials). The remaining three blocks were generalization
blocks testing the effects of training.
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Experimental Block Design

FIGURE 1. Block design of the experimental trials for all training groups.
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MRT Word Training. During the pre-test, listeners were presented with twenty MRT words.
Training consisted of fifty novel MRT words. An intervening generalization block occurred in block 3 to
prevent habituation to the stimuli, and consisted of twenty-five anomalous sentences. The post-test in
block 4 presented a total of 60 MRT words, twenty of which were drawn from the pre-test materials,
twenty from training, and twenty were novel stimuli with which subjects had no previous experience in
the experiment. The remaining three blocks consisted of generalization to 25 meaningful sentences
(block 5), 50 novel PB words (block 6) and 60 environmental signals (block 7).

PB Word Training. PB training utilized an identical design to the MRT training, except that PB
words consisted of the pre-test, training, and post-test materials and block 6 consisted of generalization to
50 novel MRT words.

Harvard/IEEE Sentence Training. In order to balance for the relative effect of words
transcribed across sentences, fewer sentences were selected. The pre-test block consisted of four
Harvard/IEEE sentences (20 key words); the training block consisted of ten novel Harvard/IEEE
sentences (50 key words). Block 3 was an intervening generalization block, consisting of 50 MRT words.
The post-test in block 4 utilized 12 Harvard/IEEE sentences, 4 selected from the pre-test, four from the
post-test and four novel sentences (60 keywords). The remaining three blocks tested the effects of
generalization to new materials. Block 5 consisted of 25 anomalous sentences, block 6 of 50 PB words
and block 7 of 60 environmental signals.

Anomalous Sentence Training. Anomalous sentence training utilized an identical design to the
Harvard/IEEE sentence training, except that the pre-test, training and post-test materials consisted of
Anomalous sentences, and block 6 consisted of generalization to 25 novel Harvard/IEEE sentences.

Environmental Stimulus Training. Like the MRT and PB training, training on environmental
training stimuli began with a pre-test consisting of twenty environmental signals and training consisting
of fifty novel environmental signals. An intervening generalization block occurred in block 3 in order to
prevent habituation to the stimuli and consisted of twenty-five Anomalous sentences. The post-test in
block 4 presented a total of 60 environmental signals, twenty of which were drawn from the pre-test
materials, twenty from training, and twenty were novel stimuli with which subjects had no previous
experience in the experiment. The remaining three blocks consisted of generalization to 50 MRT words
(block 5), 25 Harvard/IEEE sentences (block 6), and 50 novel PB words (block 7).

Analysis and Scoring

A supervised spellchecker corrected the more obvious spelling errors and standardized spelling
across subjects by changing homophones into a standard spelling. An automated macro searched for
target/response matches using a pre-ordained target list, the result of which was then hand checked by a
trained research assistant. Responses that were morphologically related to the target were scored as
incorrect. PB and MRT words were scored based on whether the entire word was correct, whereas
anomalous and meaningful sentences were scored for keywords correct (5 keywords per sentence).

Environmental stimuli were checked using a similar procedure, except more options were
included in the target list given the complexity of the stimuli. Scoring rules were modified slightly from
those originally used by Marcell and colleagues (Marcell, Bordella, Greene, Kerr & Rogers, 2000) given
the nature of the degradation. Animal and insect sounds were scored as correct if the subject identified
the target agent (e.g., cow), the sound the agent made if it did not have multiple possible agents (e.g.,
moo), or the linking of the two (e.g., cow mooing). Responses were considered incorrect if the subject
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failed to disambiguate the perceived agent from multiple agents (e.g., ‘whistling’ was an incorrect
response for ‘birds’ given that human ‘whistling’ was a viable target, however ‘tweet’ and ‘chirping’
were considered correct). Failure to specify agent, or incorrectly specifying agent was scored as an
incorrect response (e.g., for ‘seal’ the response ‘seal barking’ is correct, but the response ‘barking’ is
incorrect given that the agent is not specified and could refer to a dog). Correct identification of musical
instruments required accurate identification of the instrument. The generic response of ‘music’ was
scored as incorrect, given that the instructions explicitly told subjects that this was not a valid response
option. Multiple instruments from a given class were considered as viable options so long as they
afforded a common action (e.g., the responses ‘viola’ and ‘violin” were considered correct options for the
target ‘violin’, however ‘string’ and ‘guitar’ were incorrect responses given that the action affords the use
of a bow, whereas the action afforded by the latter response requires plucking).

Non-speech sounds produced by humans were considered correct if they correctly identified the
sound given that the agent was unambiguous (e.g., ‘child coughing’ has the possible correct response
options of ‘child coughing’, ‘coughing’ or ‘cough’). ‘Scream’ on the other hand was correct if subjects
identified the target ‘scream’ or some variant supposing a human agent. ‘Monkey screaming’ was
incorrect given the misidentification of the agent. Liquid sounds were considered correct if the subject
identified the agent or the action, and allowed for multiple specific sources as appropriate (e.g., ‘water
boiling’ had the possible correct options of ‘boil’, ‘bubble’, ‘bubbling’ or ‘bong’).

For each training condition, responses were averaged across subjects for each block. Within-
subjects analyses compared performance across blocks of a given training condition. Paired samples t-
tests were used to assess the effects of training by comparing pre and post-test performance. Post-test
scores were balanced by only averaging the responses to the materials on which subjects were not
explicitly trained, to avoid biasing the findings. The differences in performance on the various post-test
materials (items from pre-test, training and novel lists) were assessed with a one-way ANOVA and post
hoc Tukey tests. Scores were organized in a column, and coded to reflect the source (pre-test, training or
novel). Other paired t-tests were conducted to assess the effects of context (Anomalous sentences vs.
Harvard/IEEE sentences) and complexity (PB words vs. MRT words). A correlational analysis examined
the relationship between performance across blocks to assess whether performance on one type of
material was correlated with performance on another. Between subjects comparisons assessed the effects
of training on materials across training conditions using one-way Analysis of Variance and post-hoc
Tukey tests.

Results
Within Group Comparisons

MRT Training. Overall, initial performance of the 25 subjects who received training on the
MRT materials started out very poor, but increased following training (Fig. 2). Percent correct
recognition increased from 5.8 % correct at pre-test to 37.5% after training, demonstrating a gain of
nearly 32 percentage points. A paired t-test indicated that the effect of training was highly significant
(#(1, 24)=13.576, p<0.001). Comparison of the various post-test materials (data not shown) demonstrated
that subjects performed best on stimuli from the training list (materials on which they were explicitly
trained), followed by stimuli from the pre-test list (materials with which they were familiarized but not
trained) and finally stimuli from the novel list (MRT materials that did not appear before the post-test). A
one-way ANOVA revealed a significant main effect of source material, demonstrating that subjects
performed differently on materials from the pre-test, training and novel lists (F(2, 74)=18.967, p<0.001).
Post hoc Tukey tests revealed that subjects performed significantly better on the materials that they heard
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during training (58% correct) than on pre-test (40.4% correct) or novel materials (34.6% correct, both
p<0.001), demonstrating a significant effect of feedback, and indicating good retention of training.
Subject performance did not differ on the materials drawn from the pre-test and novel lists (p=0.313),
suggesting that explicit training promotes more of a benefit than exposure alone.
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FIGURE 2. Box plot displaying the perceptual accuracy scores as a function of experimental
block for the 25 subjects trained to identify the MRT stimuli. Boxes encompass the middle 50% of
the data, and horizontal lines indicate the average score for that block. Pre-test scores reflect the
baseline performance on the MRT words before training, when subjects were naive to the
processing condition. Post-test scores contain only the responses to MRT stimuli on which subjects
did not receive explicit training (see text). MRT and PB words were judged as correct if the
subject typed the entire word correctly. Harvard/IEEE (HS) and Anomalous (AS) sentence scores
reflect the percent of key words correctly typed. Environmental stimuli (ENV) scores reflect the
correct identification of the sound (see text).

Overall, subjects performed best on the Harvard/IEEE sentences (67.0% correct), followed by
anomalous sentences (47.7% correct), PB words (43.7% correct) and Environmental stimuli (37.6%
correct). A paired t-test revealed a significant effect of sentence context on recognition. Subjects
performed significantly better on the Harvard/I[EEE sentences than on the anomalous sentences
(#(1,24)=18.327, p<0.001). The difference between the scores for the meaningful and anomalous
sentences suggests that the addition of context leads to improvement by almost 20%. A paired t-test
comparing performance on the MRT and PB words also indicates a difference in performance, with
subjects performing significantly better on PB materials than on MRT (#(/,24)=3.928, p=0.001). This
may be due to differences in the difficulty of the words used in the MRT and PB lists, since the MRT
words include only minimal pairs.

Correlations of the performance across blocks revealed several significant results. Performance
at post-test was significantly correlated with performance on each measure except for environmental
stimuli (MRTpost-test vs. PB r=0.766, MRTpost-test vs. HS r=0.672, MRTpost-test vs. AS r=.576, all
p<0.01). Similar relationships were observed for the PB words (PB vs. HS r=.654, PB vs. AS r=.552),
and anomalous and Harvard/IEEE sentences (AS vs. HS r=.905). It is interesting to note that
performance on isolated words was most strongly correlated with performance on other words, followed
by meaningful and anomalous sentences, and that sentences were most strongly correlated with other
sentences followed by PB and MRT words.
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PB Training. Subjects trained on the PB words started out better than those subjects trained on
the MRT words. Performance at pre-test was 23.4%, but increased to 46.2% correct following training
(Fig. 3). A paired samples t-test indicated that subjects performed significantly better at post-test as
compared to pre-test (#(1,24)=7.134, p<0.001). Examination of the post-test materials (data not shown)
revealed that subjects performed best on stimuli on which they were explicitly trained (55.4% correct),
followed by novel PB words (48.2% correct) and words on which they were previously exposed, but not
explicitly trained (44.2% correct). A one-way ANOVA revealed a significant main effect of list (F(2,
74)=5.484, p=0.006). Post hoc Tukey tests revealed that subjects performed significantly better on
materials from the training list (»p=0.005) than on materials from the pre-test list, but no difference was
observed when compared with the materials drawn from the novel list (»p=0.097). More importantly,
subject performance did not differ

As observed for the MRT training condition, subjects performed best on the Harvard/IEEE
sentences (66.2% correct), followed by the Anomalous sentences (48.2% correct), MRT words (42.8%
correct) and Environmental stimuli (35.2% correct). A paired t-test revealed that subjects performed
significantly better on the Harvard/IEEE sentences than on the anomalous sentences (#(1,24)=12.214,
p<0.001). Subtraction of the scores for the anomalous sentences from those for the Harvard/IEEE
sentences reveals a 20% gain from context. Subjects’ performance did not differ significantly between
the PB words and MRT blocks (#(1,24)=1.855, p=.076) although a slight numerical trend was observed
favoring PB words.
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FIGURE 3. Box plots displaying the perceptual accuracy scores as a function of experimental
block for the 25 subjects trained to identify the PB stimuli.

Performance on the PB words during the post-test was significantly correlated with performance
in the MRT block (r=.658, p<0.001), Harvard/IEEE sentences (r=.539, p=0.005), but not for the
Anomalous sentences or Environmental stimuli. Performance on the Harvard/IEEE sentences was
significantly correlated with performance on Anomalous sentences (r=.609, p=0.001) and MRT words
(r=.598, p=0.02). MRT performance was also correlated with performance on Anomalous sentences
(r=.515, p=0.008) and Environmental stimuli (r=.554, p=0.004). As observed in the MRT training
group, performance on words (PB or MRT) was most strongly correlated with performance on other
words, and performance on sentences was most strongly correlated with performance on other sentences.
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between materials drawn from the pre-test and novel list (p=0.477), indicating that training generalized
to new words of the same class, and that performance was not contingent on having heard the word
before.

Anomalous Sentence Training. Figure 4 shows subject performance on the Anomalous
sentence training condition. Performance was good at pre-test (33.6% correct) but increased significantly
following training (61.7% correct, #(1,24)=11.713, p<0.001). Examination of the post-test materials (data
not shown) revealed a significant main effect of source (F(2, 74)=14.115, p<0.001), and post hoc Tukey
tests confirmed that subjects performed significantly better on the materials from the training list (78.2%
correct) than on materials from either the pre-test list (61.6% correct, p<0.001) or novel list (61.8%
correct, p<0.001). No differences in performance were observed on the materials from the pre-test and
novel lists (p=0.998).
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FIGURE 4. Box plots displaying the perceptual accuracy scores as a function of experimental
block for the 25 subjects trained to identify the Anomalous sentences.

As observed previously, subjects performed best on the Harvard/IEEE sentences (67.04%
correct), followed by the anomalous sentences (61.7% correct), PB words (44.1% correct), environmental
stimuli (34.9% correct) and MRT words (31.2% correct). Performance on the Harvard/IEEE sentences
was significantly higher than on the Anomalous sentences (#(1,24)=3.406, p=0.002), and subtraction of
the scores on these blocks revealed only a small 5% gain from context, suggesting that the large gains
due to context observed in the MRT and PB training were ameliorated with explicit training on the
anomalous sentences. Subjects also performed significantly better on PB as compared to MRT words
(#(1,24)=6.140, p<0.001), as observed previously. Performance on the Anomalous sentences was
correlated only with performance on Harvard/IEEE sentences (r=.63, p=0.001). The only other
significant correlation observed was between PB words and Environmental stimuli (r=.446, p=0.025).
All other correlations were not significant.

Harvard/IEEE Sentence Training. Performance on the Harvard/IEEE sentence post-test
significantly increased from pre (40% correct) to post-test (63.9% correct, #(1,24)=7.041, p<0.001).
Subject performance varied across the post-test materials, and an ANOVA analysis revealed a significant
main effect of source (F(2, 74)=114.043, p<0.001). Subjects performed significantly better on materials
from the training list (97% correct) than on those from the pre-test (71.6% correct) and novel (56.2%
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correct) lists (all p<0.001). Subjects also performed significantly better on the materials drawn from the
pre-test list as compared to the novel list (p<0.001). This is likely due to the high contextual salience of
the sentences, because this pattern was not observed for the Anomalous sentence training group.
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FIGURE 5. Box plots displaying the perceptual accuracy scores as a function of experimental
block for the 25 subjects trained to identify the Harvard/IEEE sentences.

Figure 5 shows that subjects performed best on the Harvard/IEEE sentences, followed by the
Anomalous sentences (58.6% correct), PB words (44.1% correct), Environmental stimuli (39% correct)
and MRT words (26.7% correct). A paired t-test revealed that subjects performed significantly better on
the Harvard/IEEE sentences than on the Anomalous sentences (#(1,24)=3.328, p=0.003). The gain from
context was only approximately 5%. Subjects also performed significantly better on the PB words as
compared to the MRT words (#(1,24)=10.332, p<0.001). Performance on the Harvard/IEEE sentences
was significantly correlated with performance on Anomalous sentences (r=.551, p=0.004), followed by
PB words (r=.512, p=0.009) and MRT words (7=.398, p=0.49). Anomalous sentences were most
strongly correlated with performance on PB words (r=.733, p<0.001) and MRT words (r=.623,
p=0.001). Performance on PB words was significantly correlated with performance on MRT words
(r=.587 p=0.002) and Environmental stimuli (r=.568, p=0.003).

Environmental Stimulus Training. Performance on the Environmental stimuli also showed a
significant benefit from explicit training (Fig. 6). Subjects showed significant improvement between pre
(38.2% correct) and post-test (46.4% correct, #(1,24)=2.804, p=0.01). An analysis of the post-test
materials (data not shown) revealed a significant main effect of source (F(2, 74)=8.717, p<0.001).
Subjects performed best on stimuli from the novel list (53.2% correct), followed by materials from the
training list (50% correct) and pre-test (39.6% correct). Subjects performed significantly better on
materials from both novel and training lists than on materials from the pre-test list (p=0.009 and p<0.001
respectively) but did not differ from one another (p=0.617).
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FIGURE 6. Box plots displaying the perceptual accuracy scores as a function of experimental
block for the 25 subjects trained to identify the Environmental stimuli.

Overall, subjects performed best on Harvard/IEEE sentences (68.5% correct), followed by the
Anomalous sentences (49.31% correct), Environmental stimuli, PB (43.4% correct) and MRT words
(32.8% correct). Subjects received an approximated gain of 19% from context (#(1,24)=13.772,
p<0.001). Subjects also performed significantly better on PB words as compared to MRT words
(#(1,24)=3.830, p=0.001). Performance on the Environmental stimuli was not significantly correlated
with any other material, but as observed earlier, Harvard/IEEE sentences were significantly correlated
with Anomalous sentences (r=.69, p<0.001).

Across Group Comparisons

To assess the effect of training on the source materials, the recognition accuracy scores for a
given set of materials were compared across training conditions and to the scores at pre-test. Comparison
with the post-test scores (which did not contain the materials repeated from pre-test) assessed whether
the type of training significantly affected performance, and whether training on a specific set of materials
produces better and more robust generalization than another.

MRT Words. Figure 7 displays the across group performance on the MRT words. A one-way
ANOVA using Training Materials as the between subjects factor main effect of training materials (F(5,
149)=37.495, p<0.001). Post hoc Tukey tests revealed that subjects performed significantly better than
the pre-test regardless of the type of material that they were trained upon (all p<0.001). This is not
surprising, given the poor baseline performance (5.8% correct). Although any type of training produced a
benefit, MRT and PB training produced greater benefits than any other material (37.5% correct, and
42.8% correct respectively). That performance did not differ between the MRT and PB trained groups
(p=0.477) suggests that training on words, regardless of their origin, produces equivalent benefit when
recognizing other single words. Training on Anomalous sentences, Harvard/I[EEE sentences and
Environmental stimuli also produced significant gains over baseline, but were the poorest of all
conditions (31.2% correct, 26.7% and 32.8% correct respectively). Moreover, performance did not differ
between these three groups (all p>0.319). Interestingly, subjects trained on the Anomalous sentences and
Environmental When the scores were grouped by material type, however, subjects who received training
on words (MRT and PB) performed significantly better than subjects trained on sentences (p<0.001) or
environmental stimuli (p=0.027).
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FIGURE 7. Bar graph displaying perceptual accuracy scores at identifying MRT stimuli as a function of
training. Training condition is indicated along the x-axis. Pre and post-test scores are for the subjects who
were explicitly trained on the MRT stimuli. The remaining bars indicate subjects’ performance on the
MRT generalization block of their respective training sessions. Post-test scores contain only the responses
to stimuli on which subjects did not receive explicit training (see text). Asterisks indicate when
performance was significantly greater than baseline (p<0.05).stimuli performed as well as subjects trained
on the MRT stimuli (p=0.281 and p=0.610 respectively).

Percent Correct Word Identification

PB Words. Training produced a significant impact on subjects performance on the PB materials
(Figure 8), and a one-way ANOVA using Training Materials as the between subjects factor indicated a
significant main effect materials (F(5, 149) =24.86, p<0.001). Compared to baseline, post-test
performance is significantly higher as a result of training on PB materials (23.4% as compared to 46.2%,
p<0.001). Overall, it did not matter what type of training subjects received, as performance was
significantly higher than pre-test for all training conditions (MRT training 43.4% correct p<0.001, AS
training 44.1% correct p<0.001, HS training 44.1% correct p<0.001, ENV training 43.68% correct
p<0.001). The main effect for training condition is carried entirely by the gains in performance relative
to the pre-test, as there were no significant differences between performance across the five training
conditions (all p>0.867). This indicates that when identifying words that are highly discriminable,
training with any type of material will provide an equivalent benefit.
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FIGURE 8. Bar graph displaying perceptual accuracy scores at identifying PB stimuli as a function of
training. Training condition is indicated along the x-axis. Pre and post-test scores are for the subjects who
were explicitly trained on the PB stimuli. The remaining bars indicate subjects’ performance on the PB
generalization block of their respective training sessions. Post-test scores contain only the responses to
stimuli on which subjects did not receive explicit training (see text).
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Anomalous Sentences. The performance on the anomalous sentences across training conditions
is shown in Figure 9. A one-way ANOVA revealed a significant main effect of training (F(5, 149)
=22.986, p<0.001). Comparison with the pre-test revealed that all types of training produced significant
increases in performance relative to the baseline (33.6% correct, all p<0.001). No differences in
performance were observed between subjects who received explicit training on the Anomalous sentences
(61.7% correct) and to those who were trained on the meaningful Harvard/IEEE sentences (58.6%
correct, p=0.902). In contrast, subjects who received training on the PB, MRT and Environmental stimuli
showed significantly less gain in performance as compared to subjects trained on the Anomalous (all
p<0.001) or Harvard/IEEE (all p<0.004) sentences. Training on MRT (47.7% correct), PB (46.5%
correct) and Environmental stimuli (47.7% correct) provided equivalent benefit when recognizing the
Anomalous sentences, however (all p>0.0998).
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FIGURE 9. Bar graph displaying perceptual accuracy scores at identifying Anomalous sentences
as a function of training. Training condition is indicated along the x-axis. Pre and post-test scores
are for the subjects who were explicitly trained on the Anomalous sentences. The remaining bars
indicate subjects’ performance on the AS generalization block of their respective training sessions.
Post-test scores contain only the responses to stimuli on which subjects did not receive explicit
training (see text).

Harvard/IEEE Sentences. The comparison of performance on the Harvard/IEEE sentences
across training conditions is shown in Fig. 10. A one-way ANOVA revealed a significant main of
training condition on performance (F(5, 149) =22.444, p<0.001). The comparison of each of the training
conditions to the Harvard/IEEE sentence pre-test revealed that subjects performed significantly better
than the baseline (40% correct) regardless of the type of training they received (all p<0.001). As was the
case for the PB materials, the training effect is carried entirely by the gains in performance relative to the
pre-test, as there were no significant differences between performance across the five training conditions
(MRT 67.0% correct, PB 66.2% correct, HS 63.9% correct, AS 67.0% correct, ENV 68.5% correct, all
p>0.719).
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FIGURE 10. Bar graph displaying perceptual accuracy scores at identifying Harvard/IEEE
sentences as a function of training. Training condition is indicated along the x-axis. Pre and post-
test scores are for the subjects who were explicitly trained on the Harvard/IEEE sentences. The
remaining bars indicate subjects’ performance on the HS generalization block of their respective
training sessions. Post-test scores contain only the responses to stimuli on which subjects did not
receive explicit training (see text).
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FIGURE 11. Bar graph displaying perceptual accuracy scores at identifying the Environmental
stimuli as a function of training. Training condition is indicated along the x-axis. Pre and post-test
scores are for the subjects who were explicitly trained on the Environmental stimuli. The
remaining bars indicate subjects’ performance on the ENV generalization block of their respective
training sessions. Post-test scores contain only the responses to stimuli on which subjects did not
receive explicit training (see text).

Environmental Stimuli. The effect of training on the recognition of the Environmental stimuli
is shown in Figure 11. A one-way ANOVA revealed a significant main effect of training group on
performance (F(5, 149) =5.847, p<0.001). Unlike the training effects observed for the other stimulus
materials, subjects only showed gains relative to baseline (38.2% correct) when they were explicitly
trained on the Environmental stimuli (46.4% correct, p=0.013). Subjects trained on all other materials
failed to show any differences as compared to baseline (MRT 37.6% correct p=1.00; PB 35.2% correct
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p=0.822; HS 34.9% correct p=0.999; AS 34.9% correct p=0.764). Moreover, performance was
significantly higher for those subjects explicitly trained on the Environmental stimuli as compared to all
other groups (all p<0.03). Training on MRT, PB, AS and HS materials provided equivalent levels of
generalization to the Environmental stimuli (all p>0.557). Since these values did not differ from the
baseline, however, it suggests that training on the speech materials is equally ineffective when
transferring to environmental stimuli. In effect, when asked to identify environmental stimuli, training
with speech materials is as effective as not receiving any training at all.

Discussion

Overall, the specific type of materials used during the training portion of the experiment had a
significant impact on performance. Across all training conditions, subjects showed significant pre to
post-test improvement, demonstrating that for each set of training materials, subjects were able to utilize
the feedback to improve their identification accuracy. Generalization effects were not uniform across
materials. Subjects showed encoding specificity, performing best on the materials on which they were
explicitly trained. Subjects who were trained on words (PB or MRT) performed significantly better when
identifying MRT stimuli than the other groups, and subjects who were trained on sentences (anomalous
or meaningful) performed significantly better when identifying Anomalous sentences than the other
groups. This suggests that when the task demands were high, subjects performed better when they were
trained on stimuli of the same general class (e.g., training on words generalized significantly better to
other words, sentences generalized significantly better to other sentences), demonstrating transfer of
appropriate processing. The opposite effect was observed for the “easier” materials: subject performance
did not differ across training groups on the PB words and Harvard/IEEE sentences. This suggests that
when the task demands are less difficult, such as when identifying high frequency words and meaningful
sentences, all forms of training are equivalent.

One intriguing finding from this study was the asymmetry in training that was observed for the
environmental stimuli. Subjects trained on environmental stimuli performed significantly better than
baseline on all speech materials, suggesting that training on complex non-speech stimuli produces robust
generalization to speech. The inverse, however, was never observed: training on speech consistently
failed to produce performance that differed from the environmental baseline. Thus, it appears that
training on complex non-speech materials leads to improved performance on speech materials, but
training on speech materials does not produce gains in the perception of complex non-speech abilities.
Increased attentional sensitivity to the spectral and temporal characteristics of the environmental stimuli
may have enhanced subjects’ abilities at utilizing similar spectral information that is important to speech.

The present findings are similar to those of Gygi and colleagues, who found that the most
important information for recognition of environmental stimuli occupies an identical frequency range as
that for speech (Gygi et al., 2004). If the important information for environmental stimuli overlaps with
that of speech, then training subjects to better utilize the spectro-temporal information in this frequency
region more efficiently should foster generalization to speech, as we report here. Training on speech
alone may not be sufficient to foster generalization to environmental stimuli, since the spectro-temporal
information to which subjects are utilizing may be more broadly distributed for these stimuli.
Additionally, some environmental stimuli may be inherently more identifiable than others based on their
spectro-temporal profiles (Shafiro, 2004; Burkholder, 2005; Burkholder et al., submitted 1; 2). The
interaction between the number of spectral bands needed for successful recognition that was found by
Shafiro (2005) was somewhat divergent from that typically observed for speech. Some environmental
stimuli were most recognizable with fewer bands, and recognition actually decreased with the addition of
bands (Shafiro, 2005). This suggests that some environmental stimuli may not be as readily identifiable

67



LOEBACH AND PISONI

when processed by a vocoder. Moreover, given that the amount of acoustic information differs across
acoustic environments and task demands, the spectral resolution of the current generation of CIs may be
insufficient to provide significant benefit under all listening situations (Shannon, Fu & Galvin, 2004;
Shannon, 2005). This possibility warrants further investigation.

The finding that training on speech does not generalize to environmental stimuli conflicts with
the earlier findings of Burkholder and colleagues (Burkholder, 2005; Burkholder et al., submitted 1; 2),
who reported that training on speech did generalize to environmental stimuli. However, Burkholder did
not use a pre-post test design, so the baseline performance levels for environmental stimuli were not
known. In the present study, although training on speech materials produced performance levels for
environmental stimuli that were greater than zero, they did not exceed the baseline values. This suggests
that subjects in the Burkholder et al study (submitted 1, 2) may not have performed any differently after
training than subjects who were totally naive to the stimulus processing conditions.

One methodological difference between the present study and earlier studies using environmental
stimuli is the use of open set testing procedures in all conditions. The majority of the earlier studies used
closed-set forced-choice testing procedures. Gygi and colleagues reported closed-set identification scores
of up to 66% correct using 6-channel noise vocoded stimuli (Gygi et al., 2004). Shafiro found that
although closed-set performance reaches asymptote with 16 channels (66%), large stimulus specific
effects were observed (Shafiro, 2004). Moreover, Reed and Delhorne (2005) found that CI users show
higher levels of closed-set performance still (79% correct). Under open set testing average performance
after training (46% correct) was substantially lower than the performance observed in the previous
studies. Given that the closed set procedures necessarily limit subjects to a certain set of responses, open
set testing allows subjects to record their actual impressions of the stimuli in a way that would be more
appropriate to real world listening environments (see Clopper, Pisoni & Tierney, 2006 for a more
complete account).

A methodological question is also raised here. Although many previous studies have not
demonstrated substantive differences for the perception of speech as processed by a noise and sinewave
vocoder (Dorman et al., 1997), other studies have found that for non-speech tasks, performance is
actually better for sinewave vocoded speech (Gonzales & Oliver, 2005). Gender and talker identification
were significantly better for stimuli processed using a sinewave vocoder than when processed using a
noise vocoder (Gonzales & Oliver, 2005). The authors suggest that the sinewave carriers may have
introduced less distortion, thus preserving more accurate and robust detail in the amplitude envelopes
that could be useful to the listener. A comparison of the two methods revealed more residual periodic
information in the sinewave vocoder processed signal as compared to the noise vocoder processed signal,
forming the basis for their claim (Gonzales & Oliver, 2005). It may be the case that a sinewave vocoder
may produce better, more robust results for studies using music and environmental stimuli than would a
noise vocoder: for stimuli that carry more salient spectral information, less distortion and better
preserved periodicities in the envelope may translate to heightened recognition. Whether performance on
these types of stimuli differs from performance of CI users remains an open question.

The asymmetry in training that was observed in the present study suggests that the ability to
utilize the residual spectro-temporal information in the vocoded signals may enhance the ability to
perceive unfamiliar speech signals under these difficult listening conditions. Surprenant and Watson
(2001) reported a significant correlation between subjects’ ability to discriminate non-speech stimuli
based on spectro-temporal cues and their identification of speech in noise. The authors suggested that
common higher order acoustic processes may contribute to both speech and non-speech processing
capabilities. This could account for the substantial differences in performance of subjects who receive
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hearing aids, and Cls alike: auditory sensitivity at a peripheral level may not be the sole cause of
variability; rather the inability to utilize and manipulate such information at higher levels may supersede
the benefits of an acoustic prosthesis (Surprenant & Watson, 2001). This relationship may not be
completely bidirectional, however, given our findings that training on environmental stimuli generalizes
to speech, but training on speech does not generalize to environmental stimuli.

Moreover, recent neuroimaging studies investigating the encoding of environmental stimuli have
suggested that similar cortical regions may be involved during the processing of environmental stimuli
and speech sounds (Lewis, Wightman, Brefczynski, Phinney, Binder & DeYoe, 2004). These cortical
regions include the canonical auditory areas required for the recognition of sound (primary auditory
cortex), the identification of auditory speech stimuli (superior temporal gyrus, posterior superior
temporal sulcus, pSTS), semantic processing and accessing of lexical information during sound, picture
and action naming (posterior medial temporal gyrus, pMTG) (Lewis et al., 2004). These cortical areas
(the pMTG and pSTS in particular) showed bilateral activation in response to environmental stimuli, but
tend to be left lateralized during speech perception tasks (Lewis et al., 2004). This difference may
partially explain the asymmetry that we observed for training with environmental stimuli and speech.
Perhaps training with environmental stimuli activated cortical regions implicated in the processing of
speech stimuli, leading to efficient generalization to speech. Due to different task demands, training with
speech may have utilized additional lateralized cortical regions which would not necessarily facilitate
generalization to environmental stimuli. Additionally, other recent neuroimaging studies have
demonstrated that the functional connectivity between cortical regions may be differentially altered due
to task demands when identifying speech (Obleser, Wise, Dresner & Scott, 2007). This may facilitate
generalization in one case (environmental stimuli to speech), but not the other (speech to environmental
stimuli).

Our findings also replicate and extend the recent studies conducted by Davis et al (2005) and
Burkholder et al (submitted 1, 2). Training using orthographic feedback paired with a repetition of the
processed version of the sentence produced keyword correct identification scores (71% correct) that were
nearly identical to those observed by Davis in the last block of training (75% correct). We also found that
training on anomalous sentences produced excellent generalization to meaningful sentences, as was
reported previously by both Davis et al. (2005) and Burkholder et al. (submitted 1, 2). Thus, access to
syntactic structure without relying on sentence context enhances general sentence recognition. Our
extension to include single PB words and CVCs also provides support for this conclusion: training on all
materials produced excellent generalization to the meaningful Harvard/IEEE sentences. The results
observed for training on environmental stimuli suggest that learning to recognize the acoustic form of a
stimulus enhances selective attention to spectro-temporal information, and bottom up perceptual
encoding processes.

The present study also replicates the findings of Fu and colleagues, who showed that giving CI
users explicit training on CV and CVCs does indeed produce gains in sentence intelligibility (Fu et al.,
2006). The similar patterns of performance observed with normal hearing subjects listening to acoustic
simulations of a CI provides further support for the utility of the vocoder as an effective model of electric
hearing. By studying the perceptual learning of CI simulated speech in normal hearing listeners, we can
simultaneously learn about the neural and behavioral mechanisms that underlie speech and language
processing in general, and expand our knowledge about effective rehabilitation and training programs to
assist newly implanted individuals. By formalizing training paradigms that utilize a wide variety of
stimulus materials, we may be able to provide CI users with tools that will bootstrap onto a variety of
tasks and difficult listening conditions above and beyond those on which they were trained (i.e. increase
“carry-over” effects). Given the substantial variability in performance among CI users that cannot be
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attributed to individual differences in etiology and duration of deafness, the question remains as to how
differences in post-implantation experience contribute to outcome and benefit. Providing explicit
instruction as to the important information in the signal may help to account for a portion of this
variability, thereby allowing us to disentangle the role of experience and provide a more objective
assessment of the CI user success.

In summary, we demonstrated that the type of stimulus materials used during perceptual learning
affects generalization to new materials. Although all forms of training provided some benefit,
generalization of training was not uniform. When the task was easy, such as was the case when
identifying contextually rich, meaningful sentences or highly discriminable isolated words, all five
training conditions provided equivalent benefits. When the task was difficult, such as was the case when
identifying low discriminable CVCs or sentences without the benefit of context, subjects who were
trained on materials of a similar nature to those on which they were being tested performed significantly
better. However, the addition of environmental signals revealed a unique asymmetry: training on
environmental signals generalized to the recognition of speech, but training on speech did not generalize
to environmental signals. This pattern of performance suggests that a wide variety of stimulus materials
should be used during training to maximize perceptual learning and promote robust generalization to
novel acoustic signals.
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Multiple Routes to Perceptual Learning

Abstract. A listener’s ability to utilize indexical information in the speech signal can
enhance their performance on a variety of speech perception tasks. It is unclear, however,
whether such information plays a similar role for spectrally reduced speech signals, such
as those experienced by individuals with cochlear implants. The present study compared
the effects of training on linguistic versus indexical tasks when adapting to cochlear
implant simulations. Listening to sentences processed with an 8-channel sinewave
vocoder, three groups of subjects were trained on a transcription task (Transcription), a
talker identification task (Talker ID) or a gender identification task (Gender ID). Pre- to
post-test comparisons demonstrated that training produced significant improvement for
all groups. Moreover, subjects from the Talker ID and Transcription training groups
performed similarly at post-test and generalization, and significantly better than the
subjects from the Gender ID training group. These data suggest that training on an
indexical task that requires high levels of attention can provide equivalent benefit to
training on a linguistic task. When listeners selectively focus their attention on the extra-
linguistic information in the speech signal, they still extract linguistic information, the
degree to which they do so, however, appears to be task dependent.

Introduction

The acoustic speech stream contains two different sources of information: linguistic information,
which carries the meaning of the utterances, and indexical information, which specifies the
characteristics of the speaker’s voice (e.g. gender, age, dialect) (Ladefoged & Broadbent, 1957). How
these two types of information interact during speech processing is largely unknown. Does the listener
encode linguistic and indexical information in independent streams via different perceptual mechanisms,
or are they encoded and processed together? The present study addressed this question by investigating
how selectively focusing the listener’s attention on linguistic or indexical information during training
affects adaptation to spectrally degraded speech. Using sentences that had been processed by a cochlear
implant (CI) simulator, we investigated how different types of training affected both perceptual learning
and generalization to new sentences, talkers, and more severely spectrally degraded conditions. We found
that the amount of attention required during the training task modulated the relative gain and strength of
perceptual learning. Training on Talker ID, an indexical task that required a higher degree of attentional
control and focus on the acoustic information in the signal, elicited more robust generalization than
training on Gender ID.

Indexical Information Enhances Linguistic Processing

Indexical characteristics of talkers are important for successful interpersonal communication. A
talker’s particular realizations of acoustic-phonetic parameters will ultimately determine their
intelligibility (Bond & Moore, 1994; Bradlow, Toretta & Pisoni, 1996; Cox, Alexander & Gilmore, 1987;
Hood & Poole, 1980). Adaptation to talker idiolect is a natural part of speech perception, and adult
listeners are constantly adjusting their internal categories to accommodate new talkers. Such perceptual
learning, which can be defined as long-term changes in the perceptual system based on sensory
experience that will influence future behaviors and responses (Goldstone, 1998; Fahle & Poggio, 2002),
may play a central role in adaptation to novel talkers. When a listener is explicitly trained to classify an
ambiguous sound in a word in which it does not belong (such as the word “vacation” produced with a /z/
versus a /S/), category boundaries for words containing the sound will be adjusted to accommodate the
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new pronunciation (Eisner & McQueen, 2005). This result only holds if the talker used during training is
included in the test set, however (Eisner & McQueen, 2005). In this case, the phonemic distinction is
relatively isolated, and listeners do not generalize to new talkers.

In addition, familiarity with a talker’s voice can enhance speech perception under difficult
listening conditions (Nygaard, Sommers & Pisoni, 1994). Listeners trained to identify talkers by name
demonstrated better word identification accuracy than listeners who were unfamiliar with the test talkers
(Nygaard et al., 1994; Nygaard & Pisoni, 1998). Two distinct types of subjects were observed: “good”
learners, who exceeded 70% correct talker identification and “poor” learners, who did not (Nygaard &
Pisoni, 1998). “Poor” learners performed significantly worse on word and sentence identification after
training than did the “good” learners, suggesting that it is not the mere exposure to the talkers that is
enhancing word identification accuracy, but rather the ability to store and utilize the acoustic information
that characterize the talker’s voice. When taken together, these data demonstrate the presence of
significant interactions between the linguistic and indexical channels of information in speech, and
suggest that the two may indeed be coded in the same stream.

Listeners can adapt not only to specific talkers but given the appropriate exposure also show
talker-independent adaptation to talkers from a variety of special populations whose speech deviates from
normal, native talker norms. For example, when first confronted with a non-native speaker, many
listeners may have difficulty understanding them, but with exposure, they quickly learn to adapt to their
speaking patterns (Bradlow & Bent, in press; Clarke & Garrett, 2004; Weil, 2001). Similarly, a beneficial
effect of experience on speech intelligibility has been shown for listeners with extensive experience
listening to speech produced by talkers with hearing impairments (McGarr, 1983), computer manipulated
speech (Schwab, Nusbaum & Pisoni, 1985; Greenspan, Nusbaum & Pisoni, 1988; Dupoux & Green,
1997; Pallier, Sebastian-Gallés, Dupoux, Christophe & Mehler, 1998), and noise-vocoded speech (Davis,
Johnsrude, Hervais-Adelman, Taylor & McGettigan, 2005). Critically, this benefit extends to new
talkers, or to new speech signals created using the same types of signal degradation.

Furthermore, adaptation to a talker’s idiolect may not be completely talker specific, however, if
the training contrasts are lexically contrastive in the language and have a greater degree of potential
generalizabillity (Kraljic & Samuel, 2006). When exposed to words containing an ambiguous sound
between /d/ and /t/ in which the voicing distinction is blurred (e.g., “crocatile” or “cafederia”), subjects
show robust generalization to novel utterances containing the ambiguous phoneme produced by novel
talkers. Moreover, perceptual learning generalizes to a novel consonant set including an ambiguous /b/ -
/p/ in which the voice onset time boundary is similarly blurred. These data suggest that when the
phonemic distinction is important to more phonemes than are used in the training set (as is the case for
the voicing distinction), generalization will be robust and occur independent of talker.

Compared to the literature on the perceptual learning of naturally produced speech, the explicit
perceptual learning and generalization of spectrally reduced speech has received little attention. Previous
research using sinewave speech has demonstrated that subjects trained to identify talkers from sentences
containing three sinewave analogs of the formant frequencies show robust generalization when asked to
identify these same talkers from naturally produced versions of the sentences (Remez, Fellowes & Rubin,
1997; Sheffert, Pisoni, Fellows & Remez, 2002). The effect is not bidirectional, however, since training
with naturally produced speech does not generalize to sinewave speech (Sheffert et al., 2002). These data
suggest that talker identification of sinewave speech may be utilizing different acoustic information than
is normally used for talker identification of naturally produced speech. Since sinewave speech is derived
from natural speech, some acoustic cues will be shared in both types of stimuli, promoting generalization
from sinewave to naturally produced speech. When trained on naturally produced speech, however, the
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listener may rely on other acoustic cues that are not preserved in the sinewave analogs, and as such,
generalization to the sinewave utterances does not occur (Sheffert et al., 2002). Thus, it appears that the
listener is opportunistic, relying on whatever acoustic cues are available in the signal in order to identify
the talker. Although the findings with sinewave speech demonstrate that talker identification training
with spectrally reduced speech generalizes to talker ID tasks for naturally produced speech, these studies
have not assessed whether training on talker identification generalizes to word or sentence recognition
under conditions of severe spectral degradation as has been shown for naturally produced speech
(Nygaard & Pisoni, 1998).

The type of training a listener receives during adaptation to spectrally degraded speech affects
the extent of perceptual learning and transfer to new materials. Feedback promotes more rapid adaptation
to CI simulated speech than no feedback (Davis, et al., 2005). Moreover, the type of feedback that is
given can also modulate the speed of perceptual learning. The most effective feedback includes the
processed audio stimuli paired with the orthographic representation (Burkholder, 2005). Additionally,
training with complex non-speech environmental stimuli promotes transfer and generalization to speech
materials (Loebach & Pisoni, under review). Whether training on indexical tasks will generalize to
speech perception under CI simulations, however, is unknown.

Indexical Information in Cochlear Implants

Although cochlear implants have been successful in providing the profoundly hearing impaired
with access to the acoustic signal, a large amount of variability remains among cochlear implant users.
While the age at onset of deafness, duration of auditory deprivation and etiology of deafness all influence
outcomes after implantation, these factors do not account for all intra-subject variability (NIH, 1995).
Moreover, research with CI users has focused almost exclusively on speech perception, leaving the
perception of other types of acoustic signals (e.g., meaningful environmental sounds) unexplored.
Although ideally individuals will achieve high levels of speech perception in quiet and noise, not all CI
users will receive such a benefit. At a minimum, the individual is expected to gain some awareness of
sound, including environmental stimuli (Clark, 2002).

For linguistic tasks, acoustic simulations of cochlear implants have provided a useful tool for
determining what acoustic information is necessary for speech perception. Early work demonstrated that
sufficient linguistic information is conveyed via acoustic simulations of a cochlear implant processor and
electrode array to allow the identification of single consonants, vowels and sentences (Shannon, Zeng,
Kamath, Wygonski & Ekelid, 1995). Designed to simulate different numbers of active electrodes in the
intracochlear array, these simulations have demonstrated that successful speech perception is largely
dependent on number of acoustic channels. Under quiet listening conditions, normal hearing subjects
reach asymptote for sentences containing eight channels (Dorman, Loizou & Rainey, 1997), although
more channels are needed when listening in noise (Dorman, Loizou, Fitzke & Tu, 1998). Furthermore,
normal hearing subjects listening to 6 channel simulations perform similarly to cochlear implant users
(Dorman & Loizou, 1998). Although limited spectral information is sufficient for high levels of
consonant, vowel and sentence perception, other tasks may require substantially more spectral
information. Acoustic stimuli that contain complex acoustic spectra, such as music, may require well
over thirty channels to be perceived accurately (Shannon, Fu & Galvin, 2004; Shannon, 2005).

Compared to perception of linguistic information in the speech signal, considerably less is known
about the perception of indexical information both in CI users, and in normal hearing subjects listening to
CI simulations. Cleary and Pisoni (2002) demonstrated that prelingually deafened children with cochlear
implants have more difficulty discriminating talkers based on their voices than do normal hearing
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children. Moreover, considerable variability existed across subjects: over half of the children who had
cochlear implants could not discriminate talkers at a level greater than chance, while those who could
discriminate talkers performed comparably to the normal hearing children (Cleary, Pisoni & Kirk, 2005).
When considered as a group, all children with cochlear implants required larger pitch deviations between
talkers in order to distinguish them, and showed more pronounced difficulty in talker discrimination
when the sentences varied across talkers than did normal hearing children (Cleary et al., 2005).

While talker discrimination may rely on acoustic details that are not well conveyed by a cochlear
implant processor, gender discrimination may utilize primarily temporal cues. Normal hearing subjects
listening to CI simulations require more spectral channels to accurately discriminate the gender of talkers
than to identify vowels from a closed set response set (Fu, Chinchilla & Galvin, 2004). As the number of
channels increase from four to thirty-two, percent correct gender identification increased approximately
linearly. Moreover, a tradeoff between spectral and temporal information was observed for gender
discrimination: fewer spectral channels are required when more precise temporal information is
preserved. CI users’ performance was roughly comparable to normal hearing subjects listening to four or
eight band simulations. Moreover, accuracy depends on the individual voices of the talkers who are used
in the study. If the differences between male and female talkers are large, normal hearing subjects and CI
users utilize temporal information to classify the speakers’ gender based on their fundamental frequency
(Fu, Chinchilla, Nogaki & Galvin, 2005). Thus, it appears that CI users may be relying primarily on
temporal pitch information to distinguish talkers, a strategy that becomes ineffective when the difference
between male and female fundamental frequencies decreases (Fu et al., 2005).

The performance on gender identification tasks is also dependant on the method of synthesis.
While speech perception accuracy does not differ for noise and sinewave vocoders (Dorman et al., 1997),
gender discrimination is more accurate with sinewave than noise vocoders (Gonzalez & Oliver, 2005).
Compared to noise vocoders, subjects listening to sinewave vocoders require fewer channels to reach
asymptote on the gender identification task.

Gender identification and talker discrimination, however, require different types of processing
compared to talker identification. The acoustic cues that allow the listener to discriminate male from
female talkers or to decide if two sentences are produced by the same or different talkers may be much
coarser than those required to identify a speaker from their voice alone. Vongphoe and Zeng (2005)
trained normal hearing subjects and CI users to identify ten talkers and compared talker and vowel
identification accuracy. Normal hearing subjects listening to sinewave vocoded vowels achieved high
levels of talker identification accuracy, particularly with stimuli containing more spectral channels (e.g.,
32 channels). Cochlear implant users performed significantly worse than the normal hearing listeners.
For vowel recognition, however, performance by CI users approximated the normal hearing subjects
listening to 8-channel vocoders. The differences in performance of the CI users on the vowel and talker
identification tasks led the authors to conclude that the subjects may be utilizing different processing
strategies during linguistic and indexical tasks (Vongphoe & Zeng, 2005).

One possible confound in the study, however, comes from the overlap in the fundamental
frequencies of the talkers voices. When considered on a talker-by-talker basis the predominant source of
errors in talker identification was not between adult male and adult female talkers, but from confusions
between the voices of adult females, girls and boys (Vongphoe & Zeng, 2005). Given that the dominant
confusions were between talkers with higher pitched voices, the conclusion that linguistic and indexical
tasks may utilize two independent processes may be premature. When boys and girls are excluded from
the analysis, the CI users resemble the normal hearing subjects listening to 8-channel simulations, as they
did in the vowel identification task. Rather than concluding that two separate processes are involved,
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these data may suggest that when the listener must make fine spectral distinctions, such as is required to
distinguish talkers who share a similar range of vocal pitch, both CI users and normal hearing subjects
listening to CI simulations perform comparably due to similar processes.

The Present Study

Understanding how linguistic and indexical information interact in speech perception may
provide new insight into possible training methodologies for newly implanted individuals. Given that
there are no standardized training and rehabilitation protocols available to CI users, the source of the
variability in benefit and outcome are further confounded with experience. Would listeners benefit from
explicit training after implantation, and if so, what type of training is most appropriate? Given that most
previous research has focused exclusively on linguistic tasks (Fu, Galvin, Wang & Nogaki, 2005), it is
unknown whether training on nonlinguistic tasks will also promote robust generalization and transfer.
Moreover, does the level of attention required to perform the training task modulate the amount of
learning that is observed following training?

The present study compared how training on a linguistic versus indexical task affected listeners’
ability to accurately perceive words in sentences. Using sentences processed with an 8-channel sinewave
vocoder, normal hearing subjects were trained to identify either the gender or identity of six talkers, or
transcribe their speech. Pre- to post-test comparisons of transcription accuracy scores assessed the
effectiveness of training. Given the results of previous studies, we hypothesized that subjects trained on
talker identification would perform better than those who were trained on gender identification.
Moreover, we predicted that training on talker identification would match or exceed the performance of
subjects trained on sentence transcription due to increased perceptual attention required to learn to
identify the talkers from such severely spectrally degraded stimuli.

Method

Subjects

Seventy-eight normal-hearing young adults participated in the study (60 female, 18 male; mean
age 21 years). All subjects were native speakers of American English. Most (n = 69) were monolingual,
with only nine reporting being fluent speakers of more than one language. Subjects were recruited from
the Indiana University community, and either received monetary compensation for their participation
($10 per session) or course credit in an Introductory Psychology class (1 credit per session). Of the
seventy-eight subjects tested, six were excluded from the final data analysis (two failed to return for the
generalization session, one failed to return in a timely manner, and three due to program errors). Of the
72 remaining subjects, 43 returned for the follow up portion of the experiment.

Stimuli

Stimuli consisted of 212 meaningful (116 high predictability (HP), 48 low predictability (LP)),
and 48 anomalous (AS) SPIN sentences (Kalikow, Stevens & Elliott, 1977; Clopper, Carter, Dillon,
Hernandez, Pisoni, Clarke, Harnsberger & Herman, 2002). SPIN sentences are phonetically balanced for
phoneme occurrence in English, and contain between five and eight words, the last of which is the
keyword to be identified. In the HP sentences, the final word is highly constrained by the preceding
semantic context (e.g., “A bicycle has two wheels.”), whereas in the LP sentences the preceding context
is uninformative (e.g., “The old man talked about the lungs.”). The AS sentences retain the overall format
of their meaningful counterparts, except that all words in the sentence are semantically unrelated,
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resulting in a sentence that preserves proper syntactic structure, but is semantically anomalous (e.g., “The
round lion held a flood.”). A passage of connected speech (Rainbow Passage; Fairbanks, 1940) was used
during the familiarization portion of the experiment. Wavefiles of the materials were obtained from the
Nationwide Speech Corpus (Clopper, 2004). Materials were produced by 8 speakers (4 male, 4 female)
from the midland dialect.

Synthesis

Stimulus processing was conducted in Tiger CIS (http://www.tigerspeech.com/) and simulated an
8-channel cochlear implant using the CIS processing strategy. Stimulus processing involved two phases,
an analysis phase, which divided the signal into bands and derived the amplitude envelope from each
band; and a synthesis phase, which replaced the frequency content of each band with a sinusoid that was
modulated with its matched amplitude envelope. Analysis used band-pass filters to divide the stimuli into
8 spectral channels between 200 and 7000 Hz with corner frequencies based on the Greenwood function
(24 dB/octave slope). Envelope detection used a low pass filter with an upper cutoff at 400 Hz and a 24
dB/octave slope. Subsets of the materials to be used in the generalization phase were processed with four
and six channels, to further reduce the amount of information in the signal. All stimuli were saved as 22
kHz sampling rate 16-bit windows PCM wav files, and normalized to 65 dB RMS (Level v2.0.3, Tice &
Carrell, 1998) to ensure that stimuli were equal in intensity across all materials, and that no peak clipping
occurred.

Procedures

All methods and materials were approved by the Human Subjects Committee and Institutional
Review Board at Indiana University Bloomington. For data collection, a custom script was written for
PsyScript and implemented on four Apple PowerMac G4 each with a 15-inch color LCD monitor. Audio
signals were presented over Beyer Dynamic DT-100 headphones, calibrated with a voltmeter to a 1000
Hz tone at 70 dBv SPL. Sound intensity was fixed within PsyScript in order to guarantee consistent
sound presentation across subjects. Multiple booths in the testing room accommodated up to four
subjects at the same time. Before the presentation of each audio signal, a fixation cross was presented at
the center of the screen for 500 milliseconds to alert the subject to the upcoming trial. Following stimulus
offset, the subject was prompted to make their response. A 1000 millisecond interval separated each trial.
For the transcription trials, a dialog box was presented on the screen prompting subjects to type in what
they heard. For talker identification, subjects clicked on the one box (out of six) that contained the name
of the talker that produced the sentence. For gender identification, subjects clicked on a box labeled
“female” or “male”. There were no time limits for responding, and subjects pressed a button to advance
to the next trial. Subjects performed at their own pace, and were allowed to rest between blocks as
needed. The experimental session lasted approximately 40-60 minutes.

Training. Training took place over two sessions. The materials and tasks varied across blocks,
but the same block structure was used for all groups, and all stimuli were randomized within each block.
Session 1 began with two pre-test blocks in order to establish a baseline level of performance before
training (Table 1). In block 1, subjects transcribed 30 unique LP sentences, and 30 unique AS sentences
in block 2. In these blocks, the subjects simply transcribed the sentences, and received no feedback.

In the familiarization phase (Block 3) subjects passively listened to the Rainbow passage
produced by each of the six talkers in order to familiarize them with the voices and synthesis condition,
and teach them the appropriate labels that would be used during training. Although subjects in all three
training groups heard the same materials, they were required to make different responses during training.
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During familiarization, subjects in the Talker ID group were presented with the passage paired with the
name of the talker who produced it (Jeff, Max, Todd, Beth, Kim, Sue). Subjects were informed that they
would be asked to identify the talkers by name, and to listen carefully for any information that would
help them learn to recognize the talkers’ voice. Subjects in the Gender ID group heard the same passages,
but paired with the appropriate gender label (Male or Female) for each talker. These subjects were
informed that they would be asked to identify the gender of the talkers, and to listen carefully for any
information that would help them learn to recognize each talker’s gender. Subjects in the Transcription
group heard each passage presented along with the name of the talker who produced it (Jeff, Max, Todd,
Beth, Kim, or Sue), but were informed that they would be asked to transcribe sentences produced by each
talker, and to listen carefully in order to better understand the degraded signals.

Blocks 1-2 Block 3 Blocks 4-6
Pre-test Familiarization Training
Transcribe: Passively listen: Transcribe,

30 LP and Rainbow ID Talker, or

30 AS sentences passage ID Gender:
150 HP sentences

Table 1. Session 1 assessed the pre-test transcription abilities of subjects before training,
familiarized them with the talkers and materials, and initiated training. The tasks that subjects
performed and the materials that were presented in each block of Session 1 are listed in the table.

The training blocks (4, 5 and 6) consisted of 150 HP sentences. Each talker produced the same
25 sentences, so that subjects would hear six versions of each sentence in order to learn characteristics of
the individual voices. During the training trials, subjects were presented with a sentence and asked to
make a response appropriate for their training group. Subjects in the Talker ID group were asked identify
the correct talker by clicking one of six buttons on the computer screen labeled with the talkers’ names.
After the subject indicated their response, a red circle appeared around the name of the correct talker as
feedback. Subjects in the Gender ID group responded by clicking one of two buttons on the computer
screen that contained the appropriate gender label. After the subject indicated their response, a red circle
appeared around the correct gender of the talker as feedback. Subjects in the Transcription training group
were asked to type what they thought the talker said, and received the correct transcription of the
sentence as feedback. For all training groups, feedback was provided regardless of the accuracy of the
subject’s response.

Session 2 (Table 2) was completed within 3 days of session 1, and began with a repetition of the
familiarization phase (block 7) in which subjects again heard the rainbow passage produced by each
talker. The purpose of this block was to re-familiarize the listener with the voices and labels, since at
least 24 hours had passed since the first training session. Two training blocks followed, consisting of 90
HP sentences. Again, subjects received feedback regardless of their performance.

Generalization and transfer of training were tested in blocks 10, 11 and 12, and subjects were
asked to transcribe novel materials that they had not heard earlier during the experiment. In block 10, the
transfer of training to more severe spectral degradation was assessed using 36 unique HP sentences, half
of which were processed with 4-channel sinewave vocoder, and the other half with a 6-channel sinewave
vocoder. Generalization of training to novel materials by familiar talkers was assessed in block 11 with
18 AS and 18 LP sentences processed with the same 8-channel vocoder used during training. In block 12,
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transfer of perceptual learning to novel talkers was assessed using 20 unique HP sentences produced by
two new talkers (1 male, 1 female). Following generalization, two post-test blocks (13 and 14) assessed
the relative gains in performance due to training. In block 13 subjects transcribed a selection of twelve
AS sentences from pre-test block 2, whereas in block 14 subjects transcribed a selection of twelve LP

sentences selected from pre-test block 1.

Block 7 Blocks 8-9 Block 10 Block 11 Block 12 Blocks 13-14
Familiarization Training Generalization: Generalization: Generalization: Post-test
More degraded Novel materials Novel talkers
Passively listen: Transcribe, Transcribe: Transcribe: Transcribe: Transcribe:
Rainbow ID Talker, or 18 HP (4-band) 18 AS &18 LP 20 HP sentences 12AS & 12 LP
passage ID Gender: 18 HP (6-band) sentences sentences
90 HP sentences sentences (from pre-test)

Table 2. Session 2 featured a continuation of training, followed by tests of generalization to new
materials and the post-test (both transcription tasks). The tasks that subjects performed and the
materials that were presented in each block of Session 2 are listed in the table.

Retention. One month after the initial training sessions, subjects returned for a third session to
assess long-term retention of training (Table 3). During the retention test, subjects transcribed the same
materials from generalization and post-test blocks 10 through 14. The purpose of this retention session
was to assess how well perceptual learning was maintained over time, and to discern whether training

differentially affected the long-term retention of training.

Block 15 Block 16 Block 17 Blocks 18-19
Generalization: Generalization: Generalization: Post-test
More degraded | Novel materials Novel talkers

Transcribe: Transcribe: Transcribe: Transcribe:
18 HP (4-band) 18 AS & 18 LP | 20 HP sentences 12AS & 12 LP
18 HP (6-band) sentences sentences

sentences (from pre-test)

Table 3. Session 3 occurred 1 month after session 2, and tested subjects abilities to transcribe the
materials that they experienced in session 2 to assess the stability of training over time. The tasks
that subjects performed and the materials that were presented in each block of Session 3 are listed
in the table.

Analysis and Scoring. Keyword accuracy scores were based on the final word in each sentence.
Common misspellings and homophones were counted as correct responses, but words with added or
deleted morphemes were counted as incorrect. Perceptual learning during training was assessed by
comparing performance across the five training blocks. Pre- to post-test comparisons provided an
assessment of the relative gains from training across the three training groups. Comparison of
performance at pre- and post-test to performance on new materials provided an assessment of
generalization of training to novel stimuli. Generalization was said to have occurred if performance was
significantly higher than the pre-test and greater than or equal to that at post-test. Comparison of pre- and
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post-test performance to performance on new talkers provided an assessment of transfer of training to
novel talkers. Comparisons of performance on the 4-band and 6-band stimuli provided an assessment of
how well training transferred to more severely degraded stimuli. Comparison of performance in session 2
with performance in session 3 provided an estimate of long-term retention of training. A measurement of
savings was calculated for each type of material by dividing performance in session 2 by that in session 3
and normalizing to one (e.g., 4-bandg,yings = 1 - (4-band,/4-band;)). This provided an estimate of how
robust perceptual learning was over time.

Results
Perceptual Learning during Training
Accuracy on the training tasks varied by training group (Figure 1). Subjects in the Gender ID and

Transcription training groups performed near ceiling and subjects from the Talker ID group performed
just above chance.

M Talker ID @ Transcription O Gender ID

E'\_j_.—-—-—'—_“—\‘ T 2] —t

oL
=

20

Percent Correct Identification

1 2 3 4 5
Training Block

FIGURE 1. Perceptual learning across the five training blocks. The dashed horizontal line
indicates the level of performance that subjects must exceed in order to be considered significantly
different from chance in the talker identification condition. Subjects trained to transcribe the
sentences (Transcription) appear as filled circles. Subjects trained to identify the gender of the
talker (Gender ID) appear as filled triangles. Subjects trained to identify the talkers by their voices
(Talker ID) appear as filled squares.

Subjects in the Transcription training group performed extremely well across all five training
blocks. In block 1, subjects correctly identified 95% of the keywords and performance reached ceiling in
block 2 (98% correct) and remained at ceiling for the last three training blocks. A univariate ANOVA
revealed a significant main effect of Block (F (4, 190) = 6.441, p < 0.001), indicating that subjects
showed improvement across training blocks. Post hoc Bonferonni tests revealed that subject performance
in block 1 was significantly lower then performance in all other blocks (all p < 0.009). Performance in
blocks 2 through 5 did not differ from one another (all p > 0.88). A trend toward a main effect for Talker
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Gender was observed (F (I, 190) = 3.156, p = 0.077), with female speech being transcribed more
accurately than male speech.

Subjects’ accuracy in the Gender ID training condition was also extremely high across all five
training blocks. Subjects’ ability to identify the gender of the talkers was at ceiling (>95%) in all training
blocks. Main effects for Block (F (4, 190) = .228, p = 0.922), and Talker Gender (F (1, 190) = 1.324, p
= 0.251) were not observed, indicating that subject performance did not vary across blocks, and was
equal for male and female talkers.

Performance of the Talker ID group was considerably more variable across subjects. Since inter-
gender confusions (identifying male talkers as female, or female talkers as male) were rare, occurring
less than 2 percent of the time, a more conservative level of chance was used (1 out of 3 rather than 1 out
of 6). According to the binomial probability distribution, performance must be at least 44.46% correct to
significantly exceed chance. Most subjects (n = 26) were able to identify talkers at a level greater than
chance beginning in block 2 and showed improvement as training progressed (Block 1: 42.2%, Block 2:
44.8%, Block 3: 51.6%, Block 4: 51.7%, Block 5: 55.1%). A univariate ANOVA revealed a significant
main effect of Block (F (4, 250) = 9.428, p < 0.001) with subject performance improving significantly
between blocks 1 and 5 (p < 0.001). A significant main effect of Talker Gender was also observed (F (1,
250) = 39.509, p < 0.001), with subjects identifying female talkers (54%) more accurately than male
talkers (44%).

Performance after Training

Pre- to Post-test Comparisons. Overall, the type of training a subject received determined how
well they performed at post-test; however, all subjects showed significant gains in sentence transcription
accuracy due to training (Figure 2). For the subjects in the Transcription training group, performance
increased from 51% correct for the meaningful sentences at pre-test to 77% correct at post-test. Similar
gains were observed for the anomalous sentences increasing from 60% correct at pre-test to 75% at
posttest. A univariate ANOVA revealed a significant main effect of Materials (F (3, 152) = 32.136, p <
0.001), with subjects performing significantly better on anomalous than meaningful sentences at pre-test
but not at posttest (p < 0.001 and p = 0.977, respectively). This effect is likely due to exposure, since the
anomalous sentence pre-test always came after the meaningful sentence pre-test. This difference of 9% is
within the normal range of gains expected from merely being exposed to the stimuli without engaging in
explicit training, as documented by Davis and colleagues (2005). Furthermore, a significant main effect
of Talker Gender (F (1, 152) = 5.939, p = 0.016) was observed. Subjects were significantly more
accurate at transcribing the speech of female talkers than male talkers.

Training on Gender identification successfully transferred to sentence transcription (Figure 2).
For meaningful sentences, performance increased from 45% at pre-test to 69% correct at post-test.
Similar gains were observed for the anomalous sentences increasing from 56% correct at pre-test to 69%
at posttest. An ANOVA revealed a significant main effect of Materials (F (3, 152) = 25.959, p < 0.001),
indicating that performance varied according to the type of materials subjects were asked to transcribe.
At pre-test, subjects performed significantly better on the anomalous sentences than the meaningful
sentences (p = 0.006), but were identical at posttest (p = 1.00). A significant main effect was observed
for Talker Gender (F (1, 152) = 10.222, p = 0.002), again indicating that subjects were significantly
more accurate at transcribing the speech of female talkers than male talkers.
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FIGURE 2. Percent correct keyword identification scores for subjects trained on talker
identification (Talker ID), gender identification (Gender ID) or sentence transcription
(Transcription) on the pre- and post-test materials.

For subjects in the Talker ID group, a significant main effect of Materials was also observed (F
(3, 200) = 69.555, p < 0.001). For meaningful sentences (Figure 2), subjects improved significantly from
pre- (48% correct) to post-test (75% correct, p < 0.001). Similar findings were observed for the
anomalous sentences, with performance increasing significantly from 56% correct to 79% correct (p <
0.001). As was observed for subjects in the Transcription and Gender ID groups, performance was
significantly better on anomalous sentences than meaningful sentences at pre-test (p = 0.003), but
identical at post-test (p = 0.652). A significant main effect of Talker Gender was also observed (F (1,
200) = 72.664, p < 0.001) indicating that the materials produced by female talkers were correctly
transcribed significantly more accurately than those produced by male talkers.

Univariate ANOVAs comparing the scores of all three training groups revealed that pre-test
performance did not differ across training groups for the anomalous (F (2, 126) = 1.356, p = 0.262) or
meaningful sentences (F (2, 123) = 2.569, p = 0.081) indicating that subjects in all groups performed at a
comparable level before training began. Differences in performance emerged at post-test, for both the
meaningful (F (2, 126) = 3.656, p = 0.029) and anomalous sentences (F (2, 126) = 4.234, p = 0.017). In
both cases, subjects in the Gender ID training group performed less accurately than subjects in the Talker
ID training (p = 0.036, p = 0.013) and Transcription training groups (p = 0.075, p = 0.156).

Generalization to New Materials. Overall, training successfully generalized to the transcription
of novel sentences produced by familiar talkers (Figure 3). Transcription training successfully
generalized to new meaningful sentences produced by the familiar talkers (85.7%). A univariate ANOVA
revealed that there was a significant main effect of Session (F (3, 126) = 96.629, p < 0.001), and
Bonferonni tests indicated that subjects performance was significantly better for novel meaningful
materials than at pre-test (p < 0.001) or post-test (p = 0.014). A similar finding was observed for the new
anomalous sentences (F (2, 114) =25.974, p < 0.001), and subjects performed significantly better on the
novel anomalous sentences (79.1%) than at pre-test (p < 0.001) but not at post-test (p = 0.175).
Additionally, a significant main effect of Talker Gender was observed for both meaningful (F (1, 126) =
6.741, p = 0.010) and anomalous sentences F (I, 114) = 5.462, p = 0.021), indicating that female talkers
were again transcribed more accurately than male talkers.

84



MULTIPLE ROUTES TO PERCEPTUAL LEARNING

Subjects trained to identify talker gender showed robust generalization to new meaningful
(76.7%; F (3, 126) = 55.096, p < 0.001) and anomalous sentences (74.4%; F (2, 114) = 17.593, p <
0.001). For both anomalous and meaningful sentences, performance on the new materials was
significantly higher than pre-test (both p < 0.001) and did not differ from post-test (both p > 0.09). A
significant main effect of Talker Gender was observed for the new meaningful sentences (F (1, 126) =
10.058, p = 0.002), but not new anomalous sentences (F (1, 114) = 2.746, p =0.10).

Subjects trained on Talker ID also showed robust generalization to new meaningful (84.7%; F (3,
200) = 136.095, p < 0.001) and anomalous sentences (81.1%; F (2, 150) = 58.199, p < 0.001). For both
training groups, performance on the new materials was significantly more accurate than pretest (all p <
0.001) and was greater than (meaningful sentences p < 0.001) or equal to (anomalous sentences p =
1.00) performance at post-test. A significant main effect of Talker Gender was observed for both new
meaningful sentences (F (1, 200) = 38.217, p < 0.001) and anomalous sentences (F (I, 150) = 30.201, p
< 0.001), and subjects were more accurate in transcribing the female talkers than the male talkers.

Comparison of performance on the meaningful sentences across all three groups using a
univariate ANOVA revealed a significant main effect of Training (F (2, 126) = 6.403, p = 0.002).
Subjects in the Transcription group performed nearly identically to subjects in the Talker ID group (p =
0.932), and both groups performed significantly better than the subjects in the Gender ID group (p =
0.015 and p = 0.003 respectively). In addition, a trend toward a significant main effect of Talker Gender
was observed (F (1, 126) = 3.724, p = 0.056) indicating that female talkers were transcribed with more
accuracy than male talkers. Although a main effect of Training was not observed for the novel anomalous
sentences (F' (2, 126) = 2.795, p = 0.067), a trend was observed for subjects in the Transcription training
group to perform better than subjects in the Gender ID training group (p = 0.073). A significant main
effect of Talker Gender was also observed (F (I, 126) = 18,769, p < 0.001) with subjects transcribing
female talkers more accurately than male talkers.
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FIGURE 3. Percent correct keyword identification scores on the new anomalous and meaningful
sentences produced by familiar talkers (session 2, block 11) for subjects trained on talker
identification (Talker ID), gender identification (Gender ID) or sentence transcription
(Transcription).
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Transfer of Training to Increased Spectral Degradation. Subjects showed a graded response
to stimuli that were more severe spectral degraded (Figure 4). Overall, subjects were more accurate at
transcribing sentences in the 6-band processing condition (Transcription: 83.1%; Gender ID: 78.6%;
Talker ID: 88.9%) than sentences in the 4-band processing condition (Transcription: 51.7%; Gender 1D:
56.4%; Talker ID: 61.9%). A univariate ANOVA reveled a significant main effect of Processing for all
groups (Transcription (F (1, 76) = 69.104, p < 0.001); Gender ID (F (1, 76) = 29.731, p < 0.001); Talker
ID (F (1, 100) = 120.846, p < 0.001)), indicating that subjects performed significantly better on the 6-
band sentences than the 4-band sentences. The main effect of Talker Gender was not significant for the
Transcription training group (F (1, 76) = .066, p = 0.798), or the Gender ID training group (F (I, 76) =
2.248, p = 0.138), indicating that subjects performed equally well on male and female speech. Subjects in
the Talker ID training group, however, did show a significant main effect of Talker Gender (¥ (1, 100) =
9.094, p = 0.003), indicating that they transcribed the speech of female talkers more accurately than male
talkers.

Comparison of the performance on the 4-band processed sentences across training groups using a
univariate ANOVA revealed a significant main effect of Training (F (2, 126) = 4.44, p = 0.014).
Subjects in the Transcription training group performed significantly better than subjects in the Talker ID
group (p = 0.01), but did not differ from talkers in the Gender ID group (p = 0.399). Subjects in the
Talker ID training group performed similarly to subjects in the Gender ID group (p = 0.359). The main
effect of Talker Gender was not significant (F (1, 126) = .933, p = 0.336). Comparison of performance
on the 6-band stimuli across training groups also revealed significant main effect of Training (¥ (2, 126)
= 4.702, p = 0.001). Subjects in the Transcription group performed as well as subjects in the Talker ID
group (p = 0.465), but significantly better than subjects in the Gender ID group (p = 0.008). Subjects in
the Gender ID group performed as well as subjects in the Talker ID group (p = 0.213). A significant main
effect of Talker Gender was observed (F (I, 126) = 8.273, p = 0.005), and subjects were significantly
more accurate at transcribing the speech of female talkers than male talkers.
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FIGURE 4. Percent correct keyword identification scores for subjects trained on talker
identification (Talker ID), gender identification (Gender ID) or sentence transcription
(Transcription) on the meaningful sentences produced by familiar talkers but processed to have
more severe spectral degradation (Block 10).
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Transfer of Training to Novel Talkers. Transcription of novel sentences produced by
unfamiliar talkers was equivalent to or better than transcription of meaningful sentences produced by
familiar talkers (Transcription 92.3% correct; Gender ID 85% correct, Talker ID 93% correct). For all
training groups, performance on new talkers was significantly higher than pre-test and post-test (both p <
0.001) suggesting that talker familiarity may not necessarily enhance transcription accuracy on CI
simulations as compared to other types of spectral degradation (e.g. noise). Moreover, training-induced
differences in performance were also observed (Figure 5), and a significant main effect of Training was
again noted (F (2, 126) = 6.874, p < 0.001). Subjects from the Transcription and Talker ID training
groups performed the same (p = 0.951), and significantly better than subjects in the Gender ID group (p
= 0.004 and p = 0.005, respectively).
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FIGURE 5. Percent correct keyword identification scores for subjects trained on talker
identification (Talker ID), gender identification (Gender ID) or sentence transcription
(Transcription) on the meaningful sentences produced by novel talkers (block 12).

Retention of Training.

Of the 72 subjects who participated in sessions 1 and 2, 43 returned for retention testing in
session 3. Since fewer subjects overall participated in session 3, data were matched such that the analyses
only compared the performance of subjects who attended all three sessions. A one-way ANOVA
comparing performance in session 2 with that in session 3 revealed all subjects in the Transcription
training group improved their performance on the 4-band stimuli (F (I, 34) = 9.092, p = 0.015) from
57% in session 2, to 73% in session 3. In session 3, performance on all other materials (6-band, new
anomalous sentences, new meaningful sentences, new talkers, post-test anomalous, post-test meaningful)
did not change from session 2 (all p > 0.1). Subjects in the Gender ID training group also showed
significant gains on the 4-band stimuli in session 3 (F (I, 46) = 4.713, p = 0.035), improving from 61%
in session 2 to 70% in session 3. Improvements were also observed for the new meaningful sentences (F'
(1, 46) = 6.595, p = 0.014), which increased from 79% in session 2 to 87% in session 3. Performance on
all other materials (6-band, new anomalous sentences, new talkers, post-test anomalous, post-test
meaningful) did not change from session 2 (all p > 0.1). Subjects in the Talker ID group showed
significant improvement on the 4- (51 to 66%, (F (1, 58) = 14.236, p < 0.001) and 6-band stimuli (85 to
93%, (F (1, 58) = 5.353, p = 0.024). Performance on all other materials (new anomalous sentences, new
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meaningful sentences, new talkers, post-test anomalous, post-test meaningful) did not change from
session 2 to session 3 (all p > 0.1).

It is important to note that these retention tests included the same materials that appeared in the
post-tests and generalization tests, so these measures are purely designed to show whether training is
stable over time rather than to assess generalization to novel materials or conditions. To this end, a
measure of savings was employed that divided the performance in session 2 by the performance in
Session 3 and subtracting the result from one (e.g., 1- (Post-test;/Post-test;)) in order to determine the
percent gain or loss that subjects received for each type of material (Figure 6). Across all materials,
subjects in the Gender ID group showed the largest gain from Session 2 to Session 3 (increasing overall
by 54%) followed by subjects in the Talker ID group (38%) and subjects in the Transcription training
group (12%). The largest gains for all groups were observed for the 4-band vocoded stimuli,
demonstrating that previous exposure to the more severely spectrally degraded materials tended to
improve performance most at retention.
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FIGURE 6. Percent gain or loss across groups as a function of testing materials. The amount of
savings was calculated by dividing performance in Session 2 by performance in Session 3 and
subtracting one from the result.

Talker ID Training: Subgroups.
An additional finding of the present study emerged when first assessing subject performance on
the Talker ID training task. As noted earlier, most (n = 26) subjects could be trained to successfully

identify talkers at a level greater than chance (44.3%). There was an additional subset of subjects,
however, who could not, and were excluded from the analysis for the Talker ID group. Unlike the good
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learners, these poor learners (n = 5) were never able to identify talkers at a level greater than chance in
any of the blocks (Block 1: 30.8%, Block 2: 35.4%, Block 3: 36.3%, Block 4: 34.7%, Block 5: 32.9%), as
indicated by a univariate ANOVA (F (4, 40) = 0.05, p = 0.628). A significant main effect of Talker
Gender was found, however (F (1, 40) = 9.941, p = 0.003), revealing that female talkers were correctly
identified significantly more often (38%) than male talkers (30%), as was the case in the good learners.

Furthermore, subjects who could not identify the talkers at a level exceeding chance performed
significantly more poorly on the transcription tasks than the subjects who were proficient at talker
identification. A series of one-way ANOVAs revealed that performance did not differ at pre-test for
either the meaningful (p = 0.105) or anomalous sentences (p = 0.310). After training, however, a
significant main effect of Group was observed for all materials (all p < 0.003), indicating that although
subjects performed the same at pre-test, their performance increased at a different rate depending on how
well they could perform the training task. Such a result is not likely to be caused by inattention, or
laziness on the part of the participants in the poor learning group, since the transcription errors they made
were phonologically related to the target words, and response omissions were no more prevalent than in
the good learning group. Rather, it appears that the ability to detect and utilize acoustic information
important for the indexical training task is related to the ability to extract acoustic information important
for recognizing the linguistic content of utterances.

Discussion

The present study compared training that selectively focuses the listener’s attention on the
indexical information in the speech signal to training that focuses entirely on the linguistic content.
Although all three types of training in this experiment produced significant pre- to post-test gains in
performance, talker identification and sentence transcription training appeared to provide the largest and
most robust overall improvement (Figure 2). Generalization to new materials and talkers was equivalent
for the talker identification and transcription trained subjects, both of whom performed better than the
subjects trained on gender identification (Figure 3 and Figure 5). Generalization to materials that were
more spectrally degraded showed a mixed pattern of results (Figure 4). For stimuli that were more
severely spectrally degraded (4- and 6- band), subjects trained on sentence transcription performed best,
subjects trained on gender identification performed least accurately and subjects trained on talker
identification displayed an intermediate level of performance. No effect of talker familiarity was
observed. Subjects performed as well or better on the new talkers than they did on the old talkers,
suggesting that the benefit of talker familiarity may not be as robust under cochlear implant simulations
as compared to other forms of degradation (e.g., noise). However, baseline intelligibility for these talkers
has not been established so it is possible that the talkers in the “new talker” condition were intrinsically
more intelligible than the “old talkers” used in the training blocks.

Two main conclusions can be drawn from these data. The first is that training on an indexical
task yields equivalent results to traditional linguistic training using transcription tasks if the task demands
are high enough to require sustained attention. Evidence for this comes from the across group
comparisons of post-test and generalization scores for the subjects in the Talker ID group, who
performed similarly to the subjects in the Transcription training group, but significantly better than the
subjects in the Gender ID training group (Figure 2). Compared to gender identification (which was at
ceiling in the first training block), talker identification training is a difficult task under cochlear implant
simulations, requiring high levels of attention and focus. Moreover, when a listener is exposed to a
speech signal that is meaningful in their native language they cannot help but to process it as such. Even
though subjects' attention in the Talker and Gender ID tasks were not directed toward the linguistic
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information in the signal, presumably they still processed the linguistic content of the sentences
automatically.

The second main finding is that the benefit of exposure may be determined by whether the
subject can successfully access the acoustic information in the speech signal. Subjects in the Talker ID
group, who had to make fine acoustic distinctions among voices, performed significantly better than
subjects in the Gender ID group. Moreover, the subjects from the Talker ID group who could not learn to
identify the talkers at a level greater than chance performed significantly worse on sentence transcription
than subjects who could identify the talkers. Taken together, these findings suggest that the access and
attention to fine acoustic details learned during talker identification training may enhance a listener’s
ability to extract linguistic information.

Differences in Task Demands and Attentional Resources

The data from the present study suggest that interactions between attentional demands and task
difficulty may play a large role in determining the amount of benefit that a subject will receive from
training. Talker identification under a CI simulation is considerably more difficult than under normal
acoustic conditions. The acoustic information that specifies the voice of the talker in the natural signal
appears to be significantly degraded when processed through a cochlear implant speech processor,
whereas the acoustic information needed to successfully identify the gender of a talker under 8 channel
Cl-simulation is relatively intact. Thus, the task demands placed on a listener are significantly higher in a
talker identification task than those in a gender identification task. Subjects in the Talker ID training
group, while performing significantly greater than chance, only achieved an average score of 55% correct
talker recognition on the final day of training; subjects in the gender ID training group were at ceiling
from the first training block. These results suggest that the identifying characteristics of a talker’s voice
may rely on detailed spectral cues within specific frequency regions. Such cues are not well preserved in
a cochlear implant. Gender identity cues, on the other hand, may rely more on spectral information across
a wider range of frequencies and the relative spectral weighting of information in each frequency band in
the vocoder may allow listeners to perform more accurately.

The differences in the availability of acoustic information may have produced differences in task
demands. More attention is required when making fine-grained distinctions between talkers’ voices, and
comparably less is required to distinguish genders. These differences in attentional requirements may
explain the differences in post-test gains and strength of generalization. Subjects who were required to
perform a more demanding task during training performed better in the post-test and generalization phase
than subjects who performed a less demanding task. Additionally, talker identification may require the
utilization of cues from many different aspects of phonological structure (i.e., prosody, stress patterns,
speaking rate, etc.), which are apparent in longer speech samples and require sustained attention for a
longer period of time as compared to cues for gender identity. After the experiment, some subjects in the
talker identification group said that they focused their attention on distinctions in overall speaking
patterns and pronunciation habits in order to distinguish the talkers. As such, listening attentively to
longer samples of speech may have resulted the perception of more of the linguistic information in the
signal. If subjects in the gender identification group could make a decision more rapidly based on lower
level acoustic cues, they may not have attended to the signal as long, and may not have received as much
of a benefit from the mandatory linguistic processing.

One might expect subjects in the Talker and Gender ID training conditions to perform worse on

the post-test and generalization tests than subjects in the Transcription training condition due to subjects
performing fundamentally different tasks than they were trained on. Subjects in the Transcription group,
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however, performed similarly to those in the Talker ID group, suggesting that training on two different
tasks can produce an equivalent benefit. For subjects in the talker identification group, perceptual
learning transferred from training to testing even though they were performing a different task in each
condition. Subjects in the Transcription group help to establish what levels of generalization should be
expected, since they performed the same task during both training and testing. Subjects performed
similarly in the talker identification condition, but significantly more poorly in the gender identification
condition. This finding suggests that additional attentional demands during training may help to
overcome the differences in the tasks.

Although the differences in performance were only observed in the short term, the equivalence of
performance across the three groups at the retention session could simply be a factor of the familiarity
with the materials. Subjects were tested on the same materials that they were exposed to during the first
testing session rather than on novel materials from the same talkers. It could be the case that performance
on a true generalization and retention test consisting of completely novel materials may distinguish group
performance across the different training conditions. Due to the limitation of available stimulus
materials, however, this could not be assessed by the present experiment.

Access to the Acoustic Information in the Signal

It is important to note that not all subjects were able to learn the talkers’ voices over the five
training blocks. Although the vast majority of subjects (84%) could learn to identify the talkers at a level
greater than chance, several subjects could not. Although transcription scores at pre-test were comparable
for both groups, the subjects who could not learn to identify the talkers by voice performed significantly
worse on sentence transcription in the post-test and generalization blocks. Moreover, these differences
could not be attributed to inattention or disinterest, since transcription errors were largely phonologically
relevant and demographic variables such hearing insult or speech pathology problems did not reveal any
abnormalities.

Additionally, previous research supports the proposal that the ability to learn to identify talkers
by voice can predict transcription accuracy for speech samples produced by these talkers. In the original
study demonstrating the transfer of talker identification training to word identification accuracy,
Nygaard, Sommers, and Pisoni (1994) reported that not all of their subjects were able to learn to identify
talkers by voice. Subjects who could successfully identify the talkers by voice showed higher recognition
accuracy scores for words produced by familiar talkers as compared to novel talkers. The subjects who
could not learn to identify the talkers by voice did not show such a difference. Taken together, the
present finding suggest that it is not the mere exposure to a talker or a synthesis condition that is
responsible for the gains observed after training, but rather the ability to access and utilize the acoustic
information required to recognize the talkers by voice.

The findings of the present study also replicate those of Cleary and colleagues (2005) who
examined talker discrimination in a group of pediatric cochlear implant users. Children listened to pairs
of sentences and decided whether the two sentences were produced by the same or different talkers.
Considerable variability was observed among the children with CIs, but those who were more proficient
at talker discrimination also showed increased accuracy on a word identification task (Cleary et al.,
2005). Taken together with the findings of Cleary and colleagues and Nygaard and colleagues, these data
provide strong evidence for the interaction of lexical and indexical information, and suggest that the two
streams may indeed be encoded and processed together.
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There was no clear effect of talker familiarity on the recognition of speech processed by a CI
simulation; subjects were as accurate at transcribing the speech produced by novel talkers as they were at
transcribing speech produced by talkers used during training. The lack of a talker familiarity effect using
CI simulated speech may not be completely anomalous, however. Barker (2006) showed a similar pattern
of results for adult CI users trained to identify the voices of six talkers. In her study, CI users showed no
differences in transcription accuracy performance for familiar versus unfamiliar talkers at a signal to
noise ratio of +10 dB SNR. At 59% correct, talker ID accuracy scores for her fifteen CI users were nearly
identical to our results with normal hearing subjects listening to 8-channel sinewave vocoders. Although
she used a control group of normal hearing subjects, they performed the talker identification training with
the unprocessed speech stimuli, so a direct comparison is inappropriate. Taken together, these data
suggest that although indexical information regarding talker identity is preserved in electric hearing (as
well as in acoustic simulations thereof), the talker familiarity effects that are observed for natural speech
may differ in fundamental ways from those for cochlear implant simulations or individuals with ClIs.

Behavioral and Clinical Implications

The findings from the present study suggest that there are multiple routes to the perceptual
learning of speech. Although most studies utilize traditional methods of training that exclusively focus
the listener’s attention on the symbolic linguistic content encoded in the speech signal (e.g., Fu et al.,
2005), other routes can yield similar outcomes and benefits. The crucial factor seems to be the amount of
attention that is required of the subject, and the degree to which performance can be improved. Tasks that
require significant amounts of controlled attention to the indexical properties of the signal can be just as
effective as tasks that rely exclusively on attention to the linguistic content of the message. This finding
has important implications for training and rehabilitation strategies for individuals who receive cochlear
implants. The benefit observed in the current study for non-traditional training methods suggests that a
variety of stimulus materials could be utilized to maximize outcome. Instruction on how to auditorily
distinguish individual voices may provide the CI user with a more stable foundation for voice recognition
that can be generalized to new talkers in new situations. Additionally, including a variety of stimulus
materials and challenging perceptual tasks may promote interest in training, and protect against boredom
and fatigue that can occur when only a single task is used.

Although the overall goal of cochlear implantation has been to restore receptive auditory
capacity to the severely hearing-impaired individual, there are many other nonlinguistic aspects to
hearing on which a CI user could experience benefit. Sound localization, the detection and identification
of environmental stimuli and the enjoyment of music are all aspects of normal hearing that have not been
well investigated in cochlear implant populations. Since all of these tasks require attention to acoustic
information encoded in the signal that is nonlinguistic, greater variety in training tasks and materials may
yield more robust results, many of which may transfer to speech perception and language processing
tasks. If the goal of cochlear implantation is to provide the listener with access to the acoustic world, we
should begin focusing training on achieving on such a goal. By limiting training to linguistic tasks, we
may be undermining the robust adaptive abilities of CI users by depriving them of the full benefit that
they may one day enjoy. Speech is not isolated from the rest of the acoustic world in which we live. A
decision needs to be made as to whether the goal of cochlear implantation is only to provide access to the
speech signal or to replace hearing, and directed measures need to be taken to achieve these goals
accordingly.
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Language Identification from Visual-Only Speech

Abstract. The goal of the present investigation was to examine how observers identify
English and Spanish from visual-only displays of speech. First, we replicated the recent
findings of Soto-Faraco et al. (2007) with Spanish and English bilingual and
monolingual observers using a different methodology. We found that prior linguistic
experience affected response bias, but not sensitivity (Experiment 1). Additional
experiments investigated the cues that observers used to carry out the language
identification task. Participants were able to reliably identify languages when video clips
were temporally-reversed, suggesting that prosody provides cues to language identity
(Experiment 2). The contribution of lexical information to language identification was
also investigated in Experiment 3. Participants’ ability to identify stimulus direction
(i.e., forwards vs. backwards) confirmed their sensitivity to differences in naturalness
(Experiment 4). Taken together, the results of these four experiments indicate that prior
linguistic experience, prosody, and perceived naturalness influence visual-only language
identification

Introduction

A large body of research has demonstrated that speech perception is multimodal in nature. In
addition to the auditory properties of speech, the visual signal carries important information about the
phonetic structure of the message that affect the perception of the speech signal (c.f. Summerfield, 1987;
Massaro, 1987). The visual aspects of speech have been shown to enhance or alter the perception of the
auditory speech signal not only for listeners with hearing impairment, but for normal-hearing listeners as
well (c.f., Campbell & Dodd, 1980; Summerfield, 1987; Lachs, 1999; Lachs, Weiss, & Pisoni, 2002;
Kaiser, Kirk, Lachs, & Pisoni, 2003). In their seminal study of audio-visual speech perception, Sumby
and Pollack (1954) demonstrated that the visual properties of speech carry important information about
the linguistic content of the signal. They found that including the visual signal along with the auditory
signal allowed listeners to better understand speech at less favorable signal-to-noise ratios. When the
auditory signal became more degraded, the visual aspects of speech were more important, and increased
the intelligibility of the speech signal.

The contribution of visual information to speech perception is also illustrated by the McGurk
Effect, in which visual information alters the perception of the speech signal. McGurk and MacDonald
(1976) found that when observers were presented with mismatched auditory and visual information, they
perceived a sound that was not present in either sensory modality. For example, a visual velar stop /g/
paired with an auditory bilabial stop /b/ was perceived as /d/. Thus, the information carried by the visual
signal not only enhances speech perception, as found by Sumby and Pollack (1954), but can override and
alter the perception of auditory information, yielding a novel percept, as in the McGurk effect.

More recently, studies in the field of L2 acquisition have shown that the inclusion of visual
information, along with the auditory signal aids in the acquisition of non-native contrasts. Hardison
(2003) examined the acquisition of the English /1/-/1/ contrast by native Japanese and Korean speakers.
Participants were trained to identify these sounds under either auditory-only or auditory-visual
presentation conditions. Learners who were trained in the auditory-visual condition showed better
identification of /l/ and /1/ in the post-test than those participants who were trained in auditory-only
conditions. Hardison (2003) concluded that facial gestures enhance the discrimination of L2 targets in
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difficult phonetic environments, and that visual cues to speech can be an additional source of information
for L2 learners.

Similar studies have found that the contribution of visual information to speech perception, and
the manner in which it is utilized, is also affected by an observer’s native language and past experience
with a second language. Hazan, Sennema, & Faulkner (2002) reported that visual information can
facilitate L2 learners’ perception of sounds that are contrastive in the L2, but do not contrast in the native
language. For example, English contrasts the bilabial stop /b/ with the labiodental fricative /v/, whereas
Spanish does not contain the latter phoneme. Hazan et al. (2002) found that Spanish learners of English
who could perceive the contrast in the auditory-only condition also perceived the difference in the visual-
only condition. In contrast, learners at early stages of acquisition who demonstrated higher rates of
confusion between /b/ and /v/ auditorily did not benefit from the addition of the visual presentation.
Hazan et al. (2002) concluded that learners at later stages of acquisition are sensitive to both the acoustic
and visual cues associated with the non-native /b/-/v/ contrast, whereas less experienced learners do not
gain any significant benefits from visual cues until the contrast has been acquired auditorily.

In a related study, Werker, Frost, and McGurk (1992) found that the percentage of ‘“visual-
capture” (i.e., when the visual signal overrides the auditory signal) responses in a McGurk-type task was
affected by the participants’ native language and L2 experience. L1 and L2 speakers of French and
English were presented with an auditory-visual stimulus that consisted of conflicting auditory and visual
information; auditory /ba/ was paired with visual /ba, va, da, da, 3a, and ga/. Werker and colleagues
found that beginning and intermediate L2 learners of English demonstrated significantly less visual
capture of the interdental place of articulation /8/ than did more proficient speakers of English. The
beginning and intermediate learners of English generally reported “hearing” /ta/ or /da/, thus assimilating
the interdental place of articulation with the closest French phoneme (/t/ or /d/). In contrast, the native
English speakers, bilinguals, and advanced English learners were more influenced by the visual stimulus,
and demonstrated a higher percentage of /da/ responses. Werker et al. (1992) concluded that the ability to
lip-read in a language is highly dependent upon experience with that language.

The studies reviewed above indicate that the visual information carried in the speech signal
contributes substantially to speech intelligibility and that linguistic experience affects the manner in
which the visual information is processed. Although previous research on visual speech perception and
speech-reading has focused primarily on examining participants’ ability to identify specific segments or
words in a particular language, whether languages can be discriminated or identified based on the
information in the visual signal alone has not been directly examined until recently. Two recent studies
by Soto-Faraco and colleagues (2007) and Weikum and colleagues (2007) investigated visual-only
language discrimination in both adult and infant observers, respectively. Soto-Faraco et al. assessed the
ability of monolingual and bilingual observers to discriminate Spanish and Catalan from visual-only
displays of speech. Two groups of bilinguals (Spanish dominant, Catalan dominant) and three groups of
monolinguals (Spanish, Italian, and English) took part in the task. Bilingual participants exhibited higher
rates of discrimination than monolingual Spanish speakers. The English and Italian monolingual speakers
were not successful at the task, suggesting that knowledge of at least one of the languages is necessary
for visual-only discrimination. Soto-Faraco et al. concluded that prior experience with the specific
languages is one of the primary factors contributing to successful discrimination. They suggested that a
number of different aspects of the stimuli facilitated discrimination, such as the length of the utterance,
and the number of distinctive segments or words present in the stimulus. A similar study with infants
showed that 4 to 6 month olds can discriminate between French and English in visual-only displays, but
that by 8 months, this ability is limited to bilingual infants (Weikum et al., 2007).
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Soto-Faraco et al. suggested that future investigations should examine observers’ ability to
discriminate or identify languages that are less closely related than Spanish and Catalan. In the present
study, we sought to corroborate Soto-Faraco et al.’s earlier findings with a pair of languages that differ in
prosody using a different task. Spanish and English were chosen in this study because they differ in terms
of prosody, or rhythmic structure (e.g., Pike, 1946; Grabe & Low, 2002); Spanish is considered a
syllable-timed language, whereas English is considered a stress-timed language. Syllable-timed languages
exhibit more even spacing of syllables in an utterance (Pike, 1946), measured by variability of vowel
durations (Grabe & Low, 2002). Thus, the duration of vowels is more regular for syllable-timed
languages. In contrast, successive vowel durations in stress-timed languages are more variable. For
example, English exhibits extensive vowel reduction and shortened duration of unstressed vowels. In
terms of visual correlates of speech, the vocalic gestures (i.e., vocal aperture) in Spanish are more
regular, while the gestures in English are more varied. Thus, differences in the rhythmic properties of
speech should be perceivable from visual information alone.

In Experiment 1, we replicated the initial findings reported by Soto-Faraco et al. with Spanish-
English bilingual talkers and both monolingual and bilingual Spanish-English observers using a two-
alternative forced-choice identification paradigm. Soto-Faraco et al. concluded that participants attend to
a combination of lexical and segmental cues to discriminate languages in visual-only conditions, but they
were unable to determine the exact properties that their participants relied on to discriminate the two
languages used in their study. A second goal of the present investigation was to examine in more detail
the specific types of cues that observers may use to identify a language from visual-only displays of
speech. Experiments 2-4 manipulated several aspects of the visual signal to examine participants’
reliance on prosodic cues and lexical information in visually-presented displays of speech.

The first experiment demonstrated that observers can reliably identify the language being spoken
from a visual-only stimulus. Experiments 2A and 2B investigated the role of prosodic information in
visual-only language identification. The third experiment examined whether participants used lexical
information from visual-only displays of speech, by asking them to judge the lexicality of a stimulus. The
fourth experiment assessed whether observers could reliably identify the direction (forwards or
backwards) of video clips presented in both English and Spanish.

Experiment 1: Visual-only Language Identification
Methods

Stimulus Materials. The stimulus materials in Experiment 1 consisted of a series of visual-only
video clips of 40 English and 40 Spanish sentences (see Appendix 1). One male and one female talker
were recorded using Behringer B1 Studio Condenser microphone and a Panasonic AG-DVX100 video
recorder. All recordings were made in a sound attenuated IAC booth in the Speech Research Laboratory
at Indiana University. Both talkers were bilingual speakers of Spanish and English. The male talker was a
native of Venezuela and the female talker was a native of Puerto Rico. Both talkers acquired English
during early adolescence and had lived in the United States for at least 6 years at the time of recording.

Participants. Four groups of participants were recruited for Experiment 1: monolingual English
speakers (N=16), monolingual Spanish speakers (N=12), English-dominant bilinguals (N=16), and
Spanish-dominant bilinguals (N=12). The monolingual English observers were all undergraduate
students at Indiana University who reported minimal knowledge of Spanish. The monolingual Spanish
observers were all residents of Caracas, Venezuela, who reported that they did not speak or have
knowledge of English. The Spanish-dominant bilinguals and English-dominant bilinguals were all
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graduate students at Indiana University who reported that they were proficient speakers of both Spanish
and English, and had some experience teaching college-level Spanish. Age of L2 acquisition for these
bilinguals ranged from birth to 19 years of age. None of the participants reported a history of a speech or
hearing disorder at the time of testing. All participants received $10 for taking part in the study.

Procedure. The stimuli were presented to the bilingual and monolingual English-speaking
participants on an Apple Macintosh G4 computer. The monolingual Spanish speakers completed the
experiment on an Apple Macintosh iBook G3 notebook computer in Caracas, Venezuela. PsyScript
version 5.1 was used for stimulus presentation. Participants’ responses were recorded with a button box
for the language identification task. The entire experiment took approximately one hour to complete.

The visual-only language identification task consisted of two blocks of 40 video clips of short
meaningful sentences in Spanish and English (see Appendix A). Each block consisted of 20 English
sentences and 20 Spanish sentences spoken by both the male and female talkers. The stimuli were
blocked by talker gender and counterbalanced across participants. After seeing each video clip,
participants were asked to decide if the person in the video was speaking English or Spanish. No
feedback was provided.

Data Analysis. In a two alternative forced-choice (2AFC) identification task, percent correct
scores are influenced by both sensitivity and bias. For this reason, non-parametric measures of sensitivity
(A’) and bias (B”) were calculated for each participant to obtain robust measures of performance (Grier,
1971). Both of these measures use the proportion of hits and false alarms to determine how sensitive the
participants are to the differences in the signal and to quantify the extent to which they are biased toward
one response alternative over another. In Experiments 1 and 2, a response of “English” to English stimuli
was considered a “hit”; a response of “English” to Spanish stimuli was considered a “false alarm.”

Sensitivity (A’) is measured on a scale of 0.0-1.0, with 0 indicating no ability to discriminate
differences in the signal and 1.0 indicating perfect discrimination. A value of 0.5 on the sensitivity scale
indicates chance performance. Bias (B”) is measured on a scale of -1.0 to 1.0. In Experiments 1 and 2,
negative bias scores denote a tendency to respond “English” when presented with a stimulus, and positive
values indicate a tendency to respond “Spanish.” A score of zero indicates no response bias.

Results

To determine if participants’ sensitivity was above chance performance (above 0.5 on the
sensitivity scale) a one-sample t-test was conducted. As shown in Figure 1, the sensitivity measures for
all four groups of subjects were significantly above chance (monolingual English #15) = 17.72, p < .001;
English-dominant bilinguals #15) = 28.30, p < .001; monolingual Spanish #(11) = 20.93, p < .001;
Spanish-dominant bilinguals #(11) = 9.03, p < .001). Thus, all participants were able to reliably identify
the visual stimulus materials as English or Spanish. A one-way ANOVA was conducted on the A’ scores
with participant group as a between-subjects factor. The results of this analysis were not significant,
demonstrating that all four groups performed comparably, and that observers’ ability to identify a
stimulus as Spanish or English did not depend on their native language or prior language experience.
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Figure 1. Mean sensitivity (A’) for all four participant groups for Experiment 1.

The mean bias (B”) scores for all four participant groups are shown in Figure 2. A one-sample t-
test of B” scores showed that only the group of English-dominant bilinguals showed a response bias that
differed significantly from 0.0 (#(15) = -3.77, p =.002); the English-dominant bilinguals had a strong
tendency to choose the “English” response options, whereas the other three groups of participants did not
demonstrate a significant bias. A one-way ANOVA was conducted on the B” scores in to analyze
differences between response bias and participant group. The main effect of participant group was
significant (F(3,52) = 5.95, p = .001). Post-hoc Tukey tests revealed that the English-dominant bilinguals
had a response bias that was significantly different from the other three participant groups (English-
dominant bilinguals compared to English monolinguals p = .03; Spanish-dominant bilinguals p = .001;
Spanish monolinguals p = .03). While all participant groups showed a tendency to respond with their
native language, the bias was strongest for the group of English-dominant bilinguals.
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Figure 2. Mean bias (B”) for all four participant groups in Experiment 1. Negative values indicate
a bias to respond “English”; positive values indicate a bias to respond “Spanish”

Discussion

Regardless of language background or prior linguistic experience, all four groups of participants
were able to complete the language identification task at levels that were significantly above chance. This
result suggests that the visual speech signal alone provides sufficient information for an observer to
correctly identify the language being spoken. That both monolingual and bilingual observers completed
this task successfully replicates the earlier results of Soto-Faraco et al. (2007), who found that knowledge
of only one of the test languages was sufficient to allow visual-only discrimination of Spanish and
Catalan. The present results demonstrate that monolingual and bilingual participants not only can
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discriminate between two different languages in visual-only displays of speech, but that they are able to
accurately identify languages in a 2AFC task.

Unlike the results of Soto-Faraco et al. (2007), who found that bilingual observers were more
successful in completing the discrimination task, we found no significant differences in sensitivity (A’)
between any of the four participant groups. Monolingual participants were just as sensitive as bilingual
participants at identifying which language was spoken in the video clips. This result suggests that
participants may have performed the 2AFC task by considering whether the stimulus was presented in
their L1, or not in their L1, as opposed to making an English vs. Spanish judgment.

Measures of response bias (B”) revealed that all four participant groups exhibited some
preference to respond with their native language. The bias was particularly strong in the group of
English-dominant bilinguals. The monolingual participants showed less response bias than the bilingual
participants, although this difference failed to reach statistical significance. Familiarity and naturalness
may underlie the patterns of bias observed in Experiment 1. Monolingual English and Spanish speakers
who possess knowledge of only one of the two test languages may have responded based on whether they
recognized a familiar word or temporal pattern in their L1, reflecting the naturalness of the stimulus.
When no familiar words or patterns were present in the video, or when the stimulus looked unnatural,
these participants may have indicated that the language was their non-native language. In the case of the
bilinguals, all of the video clips had the potential to contain familiar words, segments, or syllable
structures, and thus they all appeared to be natural. The bilingual participants, upon finding some degree
of familiarity or naturalness in the signal, may have processed the visual signal as belonging to the L1
because of L1 dominance.

The English-dominant bilinguals, who exhibited a significant bias to respond “English”, differed
from the other three participant groups; the Spanish-dominant bilinguals failed to show a statistically
significant native language bias, suggesting that they may have completed the task in an English mode,
and adopted an English perceptual set. All paperwork and instructions were presented to the Spanish-
dominant bilinguals in their non-native language (English), whereas the English monolinguals and
English-dominant bilinguals received paperwork and task instructions in their native language. Using
their non- native language as the primary mode of presentation may have attenuated the native language
bias.

The results of Experiment 1 provide new insights into the robustness of the visual properties of
speech. Several of the findings first reported in Soto-Faraco et al. were confirmed in the present study.
They found that monolingual and bilingual observers could discriminate between Spanish and Catalan in
visual-only displays of speech. Our results demonstrate that observers differing in language background
and prior linguistic experience are able to identify languages based solely on the visual information.
While Soto-Faraco et al. found that bilingual observers were better at completing a discrimination task,
we found no significant differences in A’ between monolingual and bilingual observers in our
identification task. However, the effects of native language and prior linguistic experience were reflected
in the differences in response bias (B”) in the present study.

Although we replicated the basic findings reported by Soto-Faraco et al. (2007), neither their
study, nor Experiment 1 explained how participants carried out the visual-only language identification
task. What cues do observers use to identify the language spoken in visual-only speech? The remaining
experiments described below examine the contribution of stimulus length, rhythmic properties, and
lexical information to visual-only language identification. Unlike Experiment 1 which analyzed
differences in language identification between monolingual and bilingual speakers of English and
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Spanish, only monolingual English speakers took part in the remaining three experiments. Monolingual
English speakers were chosen for two reasons. First, the results of Experiment 1, as well as those of Soto-
Faraco et al., suggest that knowledge of one language is sufficient for visual-only language identification
and discrimination tasks. Second, the monolingual English speakers in Experiment 1 did not perform
differently than the bilingual participants, and showed less response bias.

Experiment 2: Rhythmic Cues to Language Identification

The results of Experiment 1 demonstrated that observers can identify language from visual-only
displays of speech. Experiment 2 was designed to assess the contribution of stimulus length and prosodic
differences to visual-only language identification. The high level of accuracy obtained in Experiment 1
may have been due in part to the nature of the stimulus set, which consisted of sentence-length
utterances. Participants viewed sentences of varying lengths, ranging from 2 to 12 words in both
languages. Soto-Faraco et al. (2007) found that language discrimination was better in longer phrases than
in shorter phrases. We predict that the same would be true for a visual-only language identification task.
Longer utterances provide larger samples of speech and more opportunity for the observer to extract
information necessary for accurate language identification. For this reason, both sentences and isolated
words were used in Experiment 2 to test whether longer utterances would facilitate language
identification. We were also interested in determining whether the limited information from words would
provide sufficient information to permit reliable language identification.

In addition to manipulating stimulus length, we also manipulated the direction of the video clips.
Temporally-reversed (“backwards”) versions of both the words and sentences were included in the
stimulus set to assess whether participants can make accurate judgments about the language once lexical
information has been eliminated. One possible way observers might extract language-specific
information through visual speech is through rhythmic or prosodic information. Previous studies on
visual-only speech perception have reported that observers are able to extract speaking-rate and stress
differences from visual-only displays of speech (Green, 1987; Berstein, Eberhardt, Demorest, 1986).
Thus, it is possible that observers in our experiments would be able to attend to rhythmic differences in
the visual displays. As discussed earlier, Spanish is a syllable-timed language and English is a stress-
timed language. Thus in Spanish, the vocalic gestures are more evenly-spaced in terms of duration while
in English they are more variable. Temporal reversal of words and sentences preserves these global
prosodic differences, but eliminates fine articulatory dynamics. That is, temporal reversal of the
sentences and words creates stimuli which maintain overall temporal and rhythmic properties associated
with Spanish and English, while at the same time eliminate the more fine-grained gestural-articulatory
information necessary for lexical access. If participants use differences in the global rhythmic properties
to identify language, we would expect that they should also be able to identify languages in the
temporally-reversed stimuli, although they should be more accurate in the forwards condition where both
lexical and rhythmic information are preserved. In contrast, if participants are unable to use prosodic
cues, performance on the backwards stimuli should be extremely poor.

Experiment 2 examined both length and direction of visual-only stimuli. Manipulating the stimuli
in this way allows us to investigate the potential contribution of rhythmic cues to visual-only language
identification and to determine if single word utterances contain sufficient information for language
identification. The experiment was divided into two parts. In Experiment 2A, participants were not
informed that half of the video clips would be temporally-reversed. In Experiment 2B, the stimuli were
blocked by direction, and participants were explicitly told that they would be viewing both forwards and
backwards video clips.
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Methods: Experiment 2A

Stimulus Materials. A total of 320 video clips were utilized in Experiment 2: 20 English and 20
Spanish sentences, and 20 English and 20 Spanish words, each spoken by two talkers, and presented in
two directions (forwards and backwards). The 80 forwards sentences utilized in this experiment were the
same as those used in Experiment 1 described above. The 80 word stimuli were recorded in the same way
as the sentences described in Experiment 1. As with the sentences, each word was produced by the same
male and female talker. The word stimuli included days of the week, animals, and the numerals one
through ten (see Appendix 2). All video clips were temporally-reversed on an Apple Macintosh computer
using Final Cut Pro, resulting in an additional 80 backwards sentences and 80 backwards words.

Participants. Thirty-four students enrolled in an introductory Psychology class at Indiana
University participated in Experiment 2A. None of the participants who took part in Experiment 2A had
completed Experiment 1. All were monolingual speakers of English who reported little or no knowledge
of Spanish, and no history of a speech or hearing disorder at the time of testing. Participants received
partial course credit for their participation.

Procedure. The general procedure for Experiment 2A was similar to the procedures used in
Experiment 1. Participants were presented with two blocks of 160 stimuli. One block consisted of
forwards and backwards words; the other block consisted of forwards and backwards sentences. The
presentation of the blocks was counterbalanced across participants. After seeing each video clip,
participants were asked to decide if the person in the video was speaking English or Spanish. A button
box was used to record the participants’ responses. The participants were not informed that half of the
video clips in each block were time-reversed. No feedback was provided.

Results: Experiment 2A

As in Experiment 1, non-parametric measures of Sensitivity (A’) and Bias (B”) were calculated
for each participant. Mean values of A’ and B” are presented in Figures 3 and 4. A one-sample t-test of
A’ scores for the four conditions revealed that participants were sensitive to differences between the
languages at levels statistically above chance (forwards sentences #33) = 16.84, p < .001; backwards
sentences t(33) = 7.69, p < .001; forwards words #(33) = 7.96, p <.001; backwards words #(33) = 4.025, p
< .001). This finding indicates that participants were able to reliably identify the language from visual-
only stimuli in all conditions. Moreover, the languages could be accurately identified when presented in
the backwards condition. A repeated-measures ANOVA of A’ scores with Stimulus Direction (forwards
vs. backwards) and Length (words vs. sentences) as within-subjects variables revealed a significant main
effect of Stimulus Direction (F(1,33) =4.42, p = 04) and Length (¥(1,33) = 28.04, p < .001). Participants
identified the language as English or Spanish better when the stimuli were presented forwards (A’= 0.73)
than backwards (A’= 0.64). The length of the stimuli also affected sensitivity. Participants were more
accurate when presented with sentences (A’= 0.71) than with isolated words (A’= 0.66). The Direction
by Length interaction approached significance (F(1,33) = 3.81, p = .059). Post-hoc analyses of this
interaction revealed that participants were better able to identify the language being spoken in forwards
sentences than in forwards words (#(33) = -2.95, p = .006). In the forwards conditions, observers’
sensitivity was increased with increased length of the (words A’= 0.70, sentences A’= (0.78). In the
backwards condition, however, longer utterances did not increase performance (words A’= 0.62,
sentences A’= 0.66; #(33)=-.942, p=.35).

103



RONQUEST, LEVI, AND PISONI

1.0 q

0.9 A

0.8 1 O Sentences

< 0.70 0 Words
0.7 - 0.66

0.6

0.5

Forwards Backwards

Figure 3. Mean sensitivity (A’) in all four stimulus conditions for Experiment 2A.

Bias (B”) scores for each of the participants were also calculated. A repeated-measures ANOVA
of B” scores revealed a significant main effect of direction (F(1,33)=22.03, p<.001), indicating that
participants were more biased to respond “English” for the forwards stimuli (B”=-0.09), and “Spanish”
to the backwards stimuli (B”= 0.05). The main effect of Length was not significant. The Direction by
Length interaction also reached significance (F (1,33) = 8.44, p = .006). Examination of this interaction
revealed that participants displayed a greater bias to respond “English” when presented with forwards
sentences than with forwards words (words B”= -0.03, sentences B”’= -0.15; #(33) = 2.29, p = .028). In
the backwards condition, although the overall trend was a greater bias towards Spanish, the B” scores
were not significantly different for words and sentences (words B”’= 0.04, sentences B”= 0.07; #33) = -
1.21, p = 0.23).
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Figure 4. Mean bias (B”) in all four stimulus conditions for experiment 2A. Negative values
indicate a bias to respond “English”; positive values indicate a bias to respond “Spanish”.

Methods: Experiment 2B

A modified version of Experiment 2A was conducted to examine the effects of direction when
participants were explicitly told that some of the stimuli had been temporally-reversed. Because temporal
reversal of the stimuli eliminated fine articulatory details and lexical cues, we hypothesized that
awareness of the direction of the stimuli would force participants to rely on the prosodic information
present in the video clips.

Stimulus Materials. The stimulus materials used in Experiment 2B were the same as those used
in Experiment 2A.
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Participants. A total of 33 introductory Psychology students took part in this experiment. A total
of 13 participants were eliminated: three participants were eliminated because they had studied Spanish;
one because of native Spanish speaking parents; one had undergone speech therapy; four due to computer
malfunction; an additional four participants were eliminated so that the number of participants in each
block order condition was equivalent. The remaining 20 participants were monolingual speakers of
English who reported little or no knowledge of Spanish, and no history of a speech or hearing disorder.
Participants received partial course credit for their participation. None of the participants had taken part
in the previous experiments.

Procedure. Four blocks of visual-only stimuli (forwards words, forwards sentences, backwards
words, and backwards sentences) were presented to participants. Prior to the presentation of each
stimulus block, participants were told whether the stimuli would be presented forwards or backwards,
and whether they would be viewing single words or whole sentences. Participants were divided into four
groups based on the order of block presentation: 1) forwards words, forwards sentences, backwards
words, backwards sentences, 2) forwards sentences, forwards words, backwards sentences, backwards
words, 3) backwards words, backwards sentences, forwards words, forwards sentences, and 4) backwards
sentences, backwards words, forwards sentences, forwards words. After viewing each video clip,
participants were asked to decide if the person in the video was speaking English or Spanish. As in
Experiment 2A, each block consisted of an equal number of English and Spanish tokens spoken by both
the male and female talkers. No feedback was provided.

Results: Experiment 2B

The same statistical analyses carried out on the data from Experiment 2A were performed on the
data collected in Experiment 2B. A summary of the A’ scores is shown in Figure 5. A one-sample t-test
of sensitivity (A’) scores revealed that, as in Experiment 2A, participants could identify language at
levels above chance (forwards sentences #(19) = 7.75, p <. 001, backwards sentences #19) = 6.52, p <
.001; forwards words #19) = 5.73, p < .001; backwards words #(19) = 2.11, p = .04). A repeated-
measures ANOVA with Stimulus Direction (forwards vs. backwards) and Length (word vs. sentence) as
within-subjects variables revealed a significant main effect of Direction (£(1,19) = 10.95, p =.004) and
Length (F(1,19 )= 7.23, p = .01). As observed in Experiment 2A, participants were more sensitive to
language differences when the stimuli were presented forwards (A’= 0.68) than backwards (A’= 0.60),
and were also more accurate with sentences (A’= 0.67) than words (A’= 0.61). The Direction by Length
interaction was also significant (F(1, 19) = 12.62, p = .002). Post-hoc paired samples t-tests on this
interaction revealed that accuracy was affected by length in the backwards condition (words A’= 0.56,
sentences A’= 0.64; #(19) = -3.65, p = .002). In contrast to the results of Experiment 2A, no difference in
length was found in the forwards direction (words A’= 0.67, sentences A’= 0.69; #(19) =-1.33, p = .19).
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Figure 5. Mean sensitivity (A’) in all four stimulus conditions for Experiment 2B.
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Measures of response bias (B”) were also calculated. A summary is presented in Figure 6. A
repeated-measures ANOVA with Stimulus Direction (forwards vs. backwards) and Length (word vs.
sentence) as within-subjects variables revealed a significant main effect of Direction (¥(1,19) = 7.66; p =
.012). Participants were more likely to respond “English” in the forwards condition than in the backwards
condition. The general pattern of response bias is similar to that observed in Experiment 2A, but the
magnitude of bias was attenuated. The main effect of stimulus Length and the Direction by Length
interaction were not significant.
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Figure 6. Mean bias (B”) in all stimulus conditions for experiment 2B. Negative values indicate
a bias to respond “English”; positive values indicate a bias to respond “Spanish”.

Discussion: Experiments 2A and 2B

Experiments 2A and 2B were designed to examine the contribution of rhythmic information to
visual-only language identification. As previously mentioned, global rhythmic differences between
English and Spanish are retained in temporally-reversed stimuli. The results of these two experiments
demonstrate that observers can identify differences in rhythmic structure from visual-only stimuli, and
that they use this information in a language identification task. Participants’ ability to reliably identify
the language from the backwards stimuli suggests that even when access to lexical information is
eliminated, a sufficient amount of prosodic information is still available to facilitate identification.
Moreover, the present results demonstrate that monolingual speakers of English are able to make reliable
judgments about language identity based on the visual information alone in the backwards stimuli. The
results of this experiment suggest that observers perceive and utilize prosodic information associated
with English and Spanish. We conclude that the rhythmic properties of a language are one cue that
participants use to determine language identity from visual-only displays of speech.

Sensitivity to the language differences in the signal was greater when the stimuli were presented
in the forwards condition as compared to the backwards condition. Greater sensitivity in the forwards
condition was attained because forwards stimuli contain all possible cues to language identification; that
is, forwards stimuli contain both rhythmic and lexical information, whereas only rhythmic cues are
retained in backwards stimuli. The finding that sensitivity to language differences in the forwards
condition was greater also suggests that participants use other sources of information in addition to
rhythmic information to make their decisions about language identity. If rhythm and timing were the only
properties observers attended to, then performance on the forwards and backwards stimuli would have
been equivalent. In addition, stimulus length was also found to influence performance; sentence-length
stimuli provided more information to language identity than isolated words. The sentence-length
utterances contained more information than the words, and also provided participants with more time to
make their decisions.
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In addition to differences in sensitivity, response bias was also affected by the stimulus
condition. Participants showed a greater tendency to respond “English” when they were presented with
forwards stimuli and “Spanish” when presented with backwards stimuli. The differences in response bias
suggest that in the backwards condition, when a word or a sentence appeared to be less natural and less
familiar, or did not contain any recognizable information, participants were more likely to respond that
the stimulus was Spanish.

Participants in Experiment 2A were not told that stimuli would be presented to them in two
directions. When presented with stimuli, observers may have been making their decisions based on
whether the stimulus display appeared natural or familiar. In the backwards condition, stimuli appeared
less natural and less familiar, influencing the observers to identify these stimuli more often as Spanish;
the forwards stimuli, because they were more familiar and natural, were more likely to be judged as
English. In Experiment 2B, participants were explicitly told whether the stimuli were temporally-
reversed. Thus, this group of participants was aware that they could no longer rely strictly on naturalness
or familiarity to make their decisions, because half of the stimuli would appear unnatural; they also were
aware that they would not be able to access lexical information in half of the stimuli. Participants’
knowledge of stimulus direction altered their strategy in this task, and resulted in smaller response bias.

We also found that response bias towards English or Spanish was slightly greater with sentences
than with words, although this difference was not statistically significant in all conditions. In the
forwards condition, response bias to English was greater with the sentences than with words; observers
were slightly more biased to respond “Spanish” when presented with a backwards sentence than with a
backwards word. Participants may have exhibited stronger biases when presented with longer utterances
because the additional length provided more cues to naturalness. Longer utterances also provided more
information about gestures and articulation, which afforded participants more opportunity to decide if the
stimulus looked natural or familiar. Sentence-length utterances offered more articulatory and timing
information than word-length utterances.

The rhythmic properties of a language, which were maintained in the temporally-reversed
versions of the stimuli, provided sufficient cues to language identity. Thus, it is not necessary for lexical
information to be present for reliable language identification to occur. In the forwards condition,
however, when both the rhythmic and lexical properties of the language were present, overall
performance was enhanced. Greater sensitivity to the linguistic differences in the forwards stimuli
suggests that a combination of rhythmic cues and lexical information is more beneficial than having only
one available set of cues.

Experiment 3: Lexicality Judgments

Greater accuracy in the forwards condition in Experiments 2A and 2B suggests that participants
attended to other properties of the stimulus, in addition to rhythm, when completing the language
identification task. We hypothesize that observers extract both rhythmic cues and lexical information
when making their decisions. Research on lip-reading has shown that both lexical and segmental
information can be extracted from isolated words in the visual-only modality (Lachs et al., 2002; Kaiser
et al. 2003). The purpose of Experiment 3 was to examine participants’ ability to extract lexical
information from visual-only isolated words, using a lexical decision task.

If participants accessed and used lexical information to carry out the language identification tasks
in our earlier experiments, they should be more likely to report that forwards English stimuli are “words”
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than Spanish stimuli. We also expected participants to be more likely to indicate that backwards video
clips were “nonwords” than forwards video clips.

Methods

Stimulus Materials. The stimulus materials used in Experiment 3 consisted of the same
forwards and backwards words utilized in Experiments 2A and 2B.

Participants. The participants in Experiment 3 were 32 introductory Psychology students at
Indiana University. All participants met the same specifications described for Experiments 2A and 2B
above. Partial course credit was awarded to all those who participated in this experiment. None of the
participants had taken part in any of the previous experiments.

Procedure. Participants were presented with a single block of 160 trials mixed by talker,
language, and stimulus direction. In contrast to the previous three language-identification tasks,
participants were instructed to decide if the talker was saying a “word” or a “nonword.” Participants were
not informed that the words were spoken in English and Spanish, nor were they told that half of the video
clips had been temporally-reversed. No feedback was provided.

Results

The number of “word” and “nonword” responses in each of the four conditions was calculated
and these response frequencies were then analyzed using a Chi-square test of independence to determine
if the distribution of responses was different across conditions. Collapsing over the direction of the
stimuli, the distribution of “word” and “nonword” responses was significantly different for the English
and Spanish stimuli (x> (1, N = 5106) = 32.425, p < .001). This indicates that participants were more
likely to categorize an English stimulus as a word than a Spanish stimulus (60% for English, and 52% for
Spanish). The overall differences in frequency distribution reported for the total number of English and
Spanish videos were also present when the stimuli were subdivided further. Chi-square analyses
comparing forwards English and forwards Spanish words was significant (y* (1,N = 2552) = 39.507, p <
.001), indicating that there were more “word” responses to the forwards English stimuli (75%) than to the
forwards Spanish stimuli (63%). Finally, the backwards Spanish stimuli were labeled as “words” less
often than the backwards English stimuli (47% for English, and 42% for Spanish; y*( 1, N = 2554) =
4.673, p < .05).

Collapsing over language, the distribution of “word” and “nonword” responses for the forwards
and backwards stimuli was also significant (y*(1, N = 5106) = 319.36, p < .001). The participants
categorized the forwards stimuli as “words” more often than the backwards stimuli (69 % for forwards
video clips, and 44% for backwards videos). The overall pattern of responses found for direction was
also observed within each language. Forwards English videos were labeled as words on 75% of the trials,
whereas backwards English videos were labeled as words in only 46% of the trials. The chi-square
analyses of this distribution was significant (y*(1, N = 2555) = 215.45, p < .001). The distributions of the
forwards and backwards Spanish stimuli was also significantly different (4*(1, N = 2551) = 114.14, p <
.001). Forwards Spanish stimuli were judged to be words more often than backwards Spanish stimuli
(63% for forwards Spanish, and 41% for backwards Spanish.

In short, when observers were asked to make word/nonword judgments on isolated visual

displays of English and Spanish words, they displayed a highly consistent pattern that differed
statistically from chance expectation.
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Discussion

The chi-square analyses indicated that observers’ responses were not randomly distributed across
the different stimulus conditions. “Word” and “nonword” responses varied systematically depending on
the experimental conditions. Moreover, observers were more likely to judge an English stimulus as a
word than a Spanish stimulus. The same preference for the “word” response was also observed with the
forwards stimuli, regardless of the language of the stimulus. The forwards versions of both the English
and Spanish stimuli were labeled as words more often than the backwards versions of the same stimuli.

The main goal of this experiment was to examine the extent to which participants access the
lexicon when engaging in a visual-only language identification task. Although there is some evidence
that lexical information may be accessed due to the higher frequency of “word” responses with the
forwards English stimuli as opposed to the forwards Spanish stimuli, it is not possible to describe the
extent to which lexical information contributes to visual-only language identification. Only monolingual
speakers of English took part in this experiment, and it was thus assumed that these observers did not
posses a Spanish lexicon. The fact that participants labeled approximately half of the Spanish stimuli as
words suggests that they may have been making “word”/ “nonword” decisions based on whether the
stimuli looked as if they could be possible words in English and not as a result of explicitly recognizing a
stimulus as a specific lexical item. The forwards English stimuli were judged to be “words” the most
frequently, followed by the Spanish words. In the backwards condition, the Spanish stimuli identified as
“nonwords” more often than the English stimuli.

The pattern of responses observed in this experiment suggest that as in Experiment 2, the
participants were attending to more global properties of the stimuli that are related to naturalness and
familiarity, as opposed to making their decisions based on whether they recognized a specific word in
their language. In the forwards English condition, the greatest number of cues to identity, both lexical
and temporal information, is maintained in a coherent manner, and these stimuli should appear to the
most natural-looking of all four stimulus types. The forwards Spanish stimuli are potentially recognizable
as language, consisting of a combination of sounds and gestures that are also possible in English, but
appear less recognizable than the English words. The backwards English and Spanish stimuli may
maintain some of the rhythmic properties associated with each language, but lack the specific details
necessary to identify a particular word.

Although the ability to recognize lexical information may contribute to more accurate language
identification, the results of this experiment suggest that lexical properties of visual speech may not be as
robust as the more global rhythmic and timing information. We conclude that observers may have been
basing their decisions on whether the stimulus appeared as if it could be a word in English, or whether it
looked highly unnatural and was therefore unlikely to be a possible word in English.

Experiment 4: Direction

The previous three experiments investigated participants’ ability to identify language in visual-
only stimuli and examined the extent to which they utilized prosodic and lexical information when
making their decisions. In Experiment 3, participants may have made their word/nonword judgments
based on the naturalness of the stimuli. That is, the forwards stimuli are considered natural, since they are
actual language productions, whereas the backwards stimuli are unnatural. The goal of Experiment 4 was
to investigate the question of articulatory naturalness by examining whether participants can reliably
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identify the direction (forwards or backwards) of a silent video clip. We were also interested in
determining if performance on this task would be affected by the language of the stimulus.

Methods

Stimulus Materials. The stimulus materials used in Experiment 4 consisted of the same set of
video clips used in Experiments 2A and 2B: forwards and backwards visual-only video clips of English
and Spanish words and sentences spoken by a male and female talker.

Participants. Twenty-five additional participants took part in this experiment. Three participants
were eliminated due to computer malfunction, and two others for not following directions. Of the
remaining 20 participants, 14 were introductory Psychology students who received course credit for
taking part in this experiment. The other six participants were paid $10 for participating. None of the
participants had completed any of the previous experiments described in this paper.

Procedure. Each participant was presented with one block of 160 words and one block of 160
sentences that were mixed by talker and language, but separated by stimulus length. All participants were
presented with the words block first, followed by the sentences block. After viewing each video clip,
participants were instructed to decide if the video they had just seen was forwards or backwards. The
participants were not told that half of the video clips were in English and that half were in Spanish. No
feedback was provided.

Data Analysis. As in Experiments 1 and 2, sensitivity (A’) and bias (B”) were the primary means
of measuring performance on this task. In contrast to the previous experiments, however, participants
were not asked to make language judgments, but instead were asked to identify direction. For this reason,
in Experiment 4, a response of “forwards” to a forwards stimulus was considered a “hit”. A false alarm
occurred when a participant incorrectly identified a backwards stimulus as being forwards. Negative B”
scores would thus indicate a tendency to respond “forwards,” whereas positive scores would be
indicative of a bias to respond “backwards.”

Results

To examine observers’ ability to identify the direction of each video clip, sensitivity (A’) scores
in the four stimulus conditions were calculated. A summary of these scores is presented in Figure 7. A
one-sample t-test of A’ scores for each condition was significant, indicating that participants were able to
reliably discriminate between the forwards and backwards video clips (English sentences #(20) = 6.23, p
< .001; English words #20) = 7.77, p < .001; Spanish sentences #20) = 5.26, p < .001; Spanish words
#(20) = 8.30, p < .001). Thus, participants were able to reliably determine if the video clip they had just
seen had been presented to them forwards or backwards. A repeated-measures ANOVA with Stimulus
Language (English vs. Spanish) and Length (word vs. sentence) as within-subjects variables was
conducted, and revealed a significant main effect of Length (#(1,20) = 5.36, p = 0.03). Observers were
better able to identify a video clip as forwards or backwards when presented with an isolated word (A”=
0.73) than when presented with a sentence (A’= 0.68). Thus, in contrast to our earlier findings in
Experiment 2, participants’ ability to judge the direction of a stimulus was not enhanced when the video
was longer in duration. The main effect of Stimulus Language and the Language by Length interaction
were not significant. That the main effect of language was not significant indicates that participants were
able to determine the direction of the video clip regardless of the language of presentation.
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Figure 7. Mean sensitivity in four stimulus conditions in Experiment 4.

Mean bias (B”) scores for each condition are presented in Figure 8. As shown here, all B” scores
were negative, indicating a bias towards the “forwards” response alternative in all conditions. A
repeated-measures ANOVA with Stimulus Language (English vs. Spanish) and Length (words vs.
sentences) as within-subjects variables revealed a significant main effect of Stimulus Language (£(1,20)
= 8.36, p = .009). This result indicates that participants had a greater tendency to respond “forwards”
when presented with an English video (B”= -0.16) than with a Spanish video (B”= -0.08). The main
effect of Length, and the Language by Length interaction did not reach significance.
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Figure 8. Response bias (B”) in all four stimulus conditions in Experiment 4. Negative values
indicate a bias to respond “forwards,” whereas positive values indicate a tendency to respond
“backwards.”

Discussion

Overall, the results of Experiment 4 show that observers can successfully identify the direction
(forwards or backwards) of a visual-only video clip. This finding suggests that participants are able to
reliably identify differences in naturalness in the visual-only modality. Analysis of sensitivity (A’)
revealed no significant effects of presentation language. Participants were able to reliably identify the
direction of a video clip regardless of the language in which it was spoken. We conclude that natural
productions of speech (i.e. forwards utterances in both languages) were more natural-looking to
observers because they specify gestural properties that are identifiable as being possible in language.

An examination of response bias (B”), however, did reveal an effect of language; participants
were biased to respond “forwards” across all conditions, but this bias was strongest when the language of
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presentation was English. Differences in naturalness and familiarity may be able to explain this trend.
Because the participants were all monolingual English speakers, English sentences and English words
would appear to be the most natural utterances to observers, and would also be the most familiar.
Experiment 2 showed that the temporally-reversed versions of the stimuli maintained some of the global
prosodic characteristics associated with English, and that this information could be reliably perceived
from silent video clips. Thus, all English stimuli, including those that were presented backwards,
contained some familiar properties of the native language which may have influenced observers to
respond “forwards.”

On the other hand, the Spanish stimuli would have appeared less natural and less familiar to
participants. In the forwards condition, Spanish words and sentences may have looked as though they
contained possible consonant and vowel gestures, but were less familiar in terms of their global prosodic
characteristics. In the backwards condition, the Spanish words and sentences contained little, if any,
familiar information to which the observers’ could attend. Thus, participants were less likely to respond
“forwards” when presented with a Spanish stimulus because of their lack of experience and familiarity
with the rhythmic properties of the language. With the exception of the backwards Spanish stimuli, the
video clips contained information that was in some way familiar to participants, influencing them to
respond “forwards” more often than “backwards.” The number of cues and the degree of familiarity and
naturalness was greater for the English stimuli, reflecting why observers were more biased to identify
these stimuli as being presented forwards than with the Spanish stimuli.

The second finding of this experiment is that participants exhibited greater ability to identify
direction when the stimuli were word-length utterances than when they were sentences. This finding
contrasts with the results obtained in experiments 2A and 2B, in which sensitivity to language differences
was greater with longer utterances. It is possible that in this experiment, longer stimuli provided more
opportunity for participants to believe that they had seen a familiar structure, resulting in greater
confusion and lower accuracy with longer utterances.

General Discussion and Conclusions

In this paper we investigated how observers identify language from visual-only displays of
speech. Our main goals were to replicate and extend the earlier findings of Soto-Faraco et al. (2007)
using a different methodology. Overall, the results of Experiment 1 confirmed their earlier findings that
language identification is possible from information in visual-only displays of speech. Although we
found no differences in measures of sensitivity between monolingual and bilingual speakers of Spanish
and English, the effect of prior linguistic experience was observed in measures of response bias; bilingual
English speakers differed from all other participant groups, showing a bias for their native language.

A second goal of our investigation was to determine how observers identify languages when
provided with visual-only information, by examining their reliance on prosodic information, lexicality,
and naturalness. In Experiment 2, we directly examined the contribution of prosody to language
identification by temporally reversing the video clips. We found that even when the visual stimuli were
presented backwards, participants were still able to reliably identify stimuli as English or Spanish,
although performance was significantly better in the forwards condition. We also found that observers
were able to identify languages from short, isolated words, as well as sentences, but that sensitivity to
language differences was greater in longer utterances. To examine if observers were accessing and using
lexical information in the previous experiments, a lexical decision task was conducted in Experiment 3.
The differential pattern of response frequencies suggested that observers may have been accessing some
lexical information, but we concluded that “word/nonword” decisions were more likely influenced by the
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perceived naturalness of the stimuli. Observers’ attention to naturalness of the stimuli was investigated
further in Experiment 4, in which participants were asked to decide if a video had been presented to them
forwards or backwards. Participants were able to reliably identify isolated words and sentences as
forwards or backwards, indicating that they were able to detect whether a stimulus looked like a natural
language production. Although observers demonstrated a bias to respond “forwards” to all stimuli, the
bias to respond “forwards” was stronger when the observers were presented with English stimuli than
with Spanish stimuli. Based on the findings described above, we conclude that observers’ prior linguistic
experience influenced the way they performed the visual-only identification tasks, and that they were
able to identify languages from visual-only stimuli using prosody and naturalness.

In their recent study, Soto-Faraco et al. (2007) found that linguistic experience affected
observers’ ability to discriminate languages when provided only with visual information. Bilingual
speakers of Spanish and Catalan exhibited the highest discrimination scores, followed by the Spanish
monolinguals. Monolingual speakers of English and Italian were unable to complete the discrimination
task successfully, leading the authors to conclude that knowledge of at least one of the languages
presented in the visual-only displays was necessary for reliable discrimination. Although observers in
Experiment 1 did not exhibit sensitivity (A’) differences, the effects of linguistic experience were
revealed in differences in response bias. Analysis of response bias (B”) revealed significant differences
between the English-dominant bilinguals and the other three groups of observers. English dominant
bilinguals exhibited a strong response bias toward their native language, whereas response bias for the
other three groups did not differ significantly from each other. Although all four groups of observers
showed some tendency to respond more with their native language, bias was stronger with the bilinguals
than the monolinguals.

The bias exhibited by the English-dominant bilinguals can be attributed both to linguistic
experience and methodological factors All stimulus materials contained sentences that were potentially
recognizable to this group of bilinguals. Upon viewing a video clip, the English-dominant bilinguals were
more likely to indicate that the stimulus was English based on their L1 dominance. The information
presented in the video clips may have been processed through their L1, influencing participants to
indicate that the stimulus was English more often than it was Spanish. The Spanish-dominant bilinguals
also showed a bias to respond more with their native language, although this tendency did not reach
significance. All paperwork and instructions were presented in English. Thus, the Spanish-dominant
bilinguals did not show the same native-language effects because they were perceptually set in an English
mode.

Effects of prior linguistic experience were also observed in the B” scores obtained in
Experiments 2 and 4. In Experiment 2, monolingual English observers displayed a bias toward
responding “English” when presented with forwards stimuli, and “Spanish” when presented with
backwards stimuli. Because the monolingual English participants had more experience with English, the
forwards stimuli were more familiar and natural to the observers. This familiarity influenced them to
respond “English” more often when they viewed a forwards video clip. In the backwards condition, the
stimuli appeared less familiar, resulting in a greater tendency to respond ‘“Spanish.” Thus, when
observers were able to recognize a stimulus as a natural articulatory pattern, they showed a greater
likelihood of indicating that the video clip was English.

The B” scores obtained in Experiment 4 suggested similar effects of prior linguistic experience.
In this experiment, observers were presented with forwards and backwards English and Spanish words
and sentences, and were asked to decide if the video clip had been presented “forwards” or “backwards.”
The general tendency observed here was to judge all stimuli as “forwards,” but the bias to respond
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b3

“forwards,” was greater for the English videos than for the Spanish videos, again revealing effects of
prior linguistic experience. When presented with the English stimuli — regardless of direction — observers
attended to both prosodic characteristics and naturalness. Because all of the English video clips
maintained the basic temporal patterns of the observers’ L1, participants had a tendency to indicate that
the stimuli were forwards because in some respects, they all appeared to be possible and natural. As
monolingual English-speaking participants have more experience with English utterances, English
stimuli looked more natural, which may account for why more English video clips were categorized as
“forwards” than Spanish video clips.

The effects of prior linguistic experience were also observed in the differential pattern of
response frequencies obtained Experiment 3. The greater frequency of “word” responses to English
stimuli than Spanish stimuli is clearly a consequence of participants’ being monolingual English
speakers. The increased number of “word” responses to all English stimuli — regardless of direction — is
likely due to the prosodic cues preserved in both directions. Because the English stimuli contained some
degree of naturalness or familiarity, they were categorized more often as “words” than the Spanish
stimuli, which exhibited a different prosodic pattern.

We determined that prosodic information and naturalness of the stimuli were two sources of
information that observers used when identifying the language spoken in a visual-only video clip. As
previously mentioned, the contribution of prosodic information to visual-only language identification was
examined in Experiment 2. Temporally-reversed video clips of words and sentences in English and
Spanish were presented to observers, who were then asked to decide the language of the video clip. We
found that observers were able to reliably identify the language even from backwards stimuli, suggesting
that gross differences in prosody are sufficient to support language identification. Lexical information
does not need to be present in order for observers to identify languages; prosodic cues alone provide
sufficient information for language identification in this task. That sensitivity to language differences was
greater in the forwards condition, however, indicates that the presence of additional information available
in the forwards stimuli improves identification accuracy.

The objective of Experiment 3 was to determine the extent to which observers were able to
access lexical information when provided with visual-only video clips of isolated English and Spanish
words. Response frequencies in all stimulus conditions revealed a systematic pattern; “word” responses
were more frequent for English stimuli versus Spanish stimuli, and also for forwards videos versus
backwards videos. We hypothesized that monolingual English participants would judge English words as
“words,” and all other stimuli as “nonwords” based on observers’ lack of experience with Spanish.
However, many of the Spanish video clips were also judged as “words,” suggesting that participants were
not accessing specific lexical items, but instead may have been making their decisions based on the
naturalness of the articulatory gestures and visual trajectories. In the forwards condition, both the English
and Spanish video clips appeared natural because they contained temporal and gestural patterns that
naturally occur in language. The backwards video clips, however, only maintain gross rhythmic
information, and only the temporal patterns of English would have seemed familiar to this group of
observers. Thus, backwards Spanish stimuli were judged as “nonwords” more often than backwards
English stimuli because they lacked cues to naturalness and familiarity.

The results of Experiment 4 provided additional support for our hypothesis that differences in
naturalness were detectable from visual-only displays of speech. Participants were able to reliably
identify a stimulus as “forwards” or “backwards” regardless of the language of presentation. This result
suggests that visual displays encode a number of highly salient properties (i.e. prosodic, articulatory, and
perhaps lexical) that make them appear natural to observers.
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Taken together, the results of the four experiments reported here demonstrate that visual displays
of speech contain highly detailed information about the speech signal, and that observers’ prior linguistic
experience affects the way in which these sources of information are processed. We found that prosodic
and lexical information, as well as cues to naturalness, are present in the visual signal. Observers are able
to attend to and reliably use these sources of information in order to identify English and Spanish in
silent video clips. Future investigations of visual-only language identification and discrimination will
provide additional insights into how observers complete these tasks, and assess the extent to which
lexical, segmental, and suprasegmental (prosodic) information is accessed during visual-only perception.
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Appendix A: List of sentences used in Experiments 1, 2A, 2B, and 4

English CID sentences list #9-10 (Davis & Silverman, 1970).

1.

PN R WD

9.

10.
11.
12.
13.
14.
15.
16.
17.
18.
19.
20.

Where can I find a place to park?

I like those big red apples we always get in the fall.
You’ll get fat eating candy.

The show’s over.

Why don’t they paint their walls some other color?
What’s new?

What are you hiding under your coat?

How come I should always be the one to go first?

I'll take sugar and cream in my coffee.

Wait just a minute!

Breakfast is ready.

I don’t know what’s wrong with the car, but it won’t start.
It sure takes a sharp knife to cut this meat.

I haven’t read a newspaper since we bought a television set.
Weeds are spoiling the yard.

Call me a little later!

Do you have change for a five-dollar bill?

How are you?

I’d like some ice cream with my pie.

I don’t think I’'ll have any dessert.

Spanish sentences, adaptation of CID list #9-10 (Huarte et al., 1996)

1.

PN R WD

El desayuno estd preparado en la mesa.

Qué le pasaré al coche, que no funciona.

(Crees que el cuchillo cortara bien la carne?

No he leido un periddico desde que compré la television.

Las malas hierbas estdn estropeando el jardin de mi casa.
Llamame si puedes un poco més tarde, por favor.

( Tienes cambios de mil pesetas en la cartera?

(Qué tal estds?

Me gustaria tomar un poco de helado de chocolate con la tarta.

. Creo que no tomaré ninguin postre.
11.
12.
13.
14.
15.
16.
17.
18.
19.
20.

(Donde puedo encontrar un sitio para aparcar?

Me gustan las manzanas grandes y rojas que hay en los 4rboles.
Si comes muchos dulces, vas a engordar

La pelicula ha terminado tarde.

(Por qué no pintas las paredes de otro color?

(Cudl es la noticia mas importante hoy?

(Qué escondes debajo del abrigo azul?

Espera un minuto en la puerta del cine.

Pondré aziicar y leche en mi café.

(Coémo puedo ser siempre el primero en llegar?
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Appendix B: List of words used in Experiments 2A, 2B, 3, and 4

List of common English words
1. Monday

2. Wednesday

3. Friday

4. Saturday

5. Sunday

6. One

7. Three

8. Four

9. Five

10. Seven

11. Eight

12. Nine

13. Ten

14. Bird

15. Fish

16. Chicken

17. Duck

18. Dog

19. Donkey

20. Giraffe

List of common Spanish words
1. Lunes
2. Miércoles
3. Viernes
4. Sabado
5. Domingo
6. Uno
7. Tres
8. Cuatro
9. Cinco
10. Siete
11. Ocho
12. Nueve
13. Diez
14. Pgjaro
15. Pez
16. Gallina
17. Pato
18. Perro
19. Burro
20. Jirafa
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Executive Function, Working Memory, Perceptual-Motor Skills, and Speech
Perception in Normal-Hearing Children: Some Preliminary Findings

Abstract. Speech perception involves a number of complex cognitive processes.
Previous work has suggested that executive function, working memory, and perceptual-
motor skills play a role in children’s language development. In order to further
investigate this relationship, we evaluated the correlations between perception of
degraded speech, which represents an approximation of the auditory signal received by a
cochlear implant user, with several tasks involving executive function, working memory,
and sensory-motor function. Our data revealed that age and performance on two tasks,
one representing executive function and one representing perceptual-motor skills, were
significantly correlated with children’s perception of highly degraded speech. Moreover,
correlations between each of these tasks and the perception of degraded speech remained
strong and significant even when the effects of age were partialled out. These results
suggest that processes attributed to executive function, such as attention, planning, motor
control, hand-eye coordination, and problem solving, underlie spoken language
processing and its development. The present findings with normal-hearing, typically-
developing children provide an initial benchmark for more detailed investigation of
individual differences in performance and audiologic outcome among profoundly deaf
children who use cochlear implants.

Introduction

Profoundly deaf children who use cochlear implants (CIs) show a large degree of variability in
terms of post-implantation audiologic outcomes. Children with very similar hearing losses and etiologies
of deafness may obtain drastically different benefit from their CI (Pisoni et al., 2000). Variables such as
age at onset of deafness, length of auditory deprivation, and age at implantation have been found to be
associated with a wide range of outcome measures in implanted children (Fryauf-Bertschy et al., 1992;
Osberger et al., 1991). Other language-related factors, such as mode of communication (Pisoni et al.,
1997) and parents’ knowledge of vocabulary (Stallings et al., 2000), also correlate with children’s
language outcomes after receiving a CI. Recently, several studies have shown that other neurocognitive
measures, such as motor skills (Horn et al., 2006) and working memory span (Cleary et al., 2002b), also
correlate with spoken language processing in children with implants. To better understand language
outcome after cochlear implantation, it is important to further investigate these additional factors as
possible predictors of language benefit. The current research investigates the relationship between
spoken language processing, executive function, working memory, and perceptual-motor skills in normal-
hearing children, with the motivation of applying our findings to the field of cochlear implantation. We
hypothesize that performance on the executive function, working memory, and perceptual-motor tasks
will be correlated with children’s performance on a degraded speech perception task. Before describing
the current project in more detail, we first review the findings associated with the role of executive
function, working-memory, and perceptual-motor skills in speech perception and spoken language
development.

Executive Function and Spoken Language Processing

Executive functioning is a term used to describe certain behaviors which are attributed to the
functions of the frontal lobe (Stuss, 1992), such as attention, problem solving, planning, inhibiting
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reflexive behaviors, monitoring behaviors, and goal-directed behavior (O’Reilly & Munakata, 2000).
Russell (1948) investigated the role of the frontal lobe in development and found that the frontal regions
were of great importance in the childhood years in terms of conditioning behavior patterns for the rest of
the brain. Because of this, it is not surprising that executive dysfunction is linked to a variety of
developmental disorders including attention deficit hyperactivity disorder (ADHD), Tourette’s syndrome,
dyslexia, and autism (Chelune et al. 1996; Ozonoff & Jensen, 1999; Pennington & Ozonoff, 1996;
Helland & Asbjgrnsen, 2000).

One of the most well-known executive function tasks is the Stroop Color Naming task (Stroop,
1935), in which the subject must inhibit a reflexive response to read printed color words, while naming
the color of ink in which the words are printed. For example, the word ‘blue’ would be printed in red ink,
and the subject must say ‘red’ while inhibiting the reflex to read the word ‘blue’. Deficits in the ability to
perform the Stroop task have been found in children with dyslexia (Helland & Asbjgrnsen, 2000).

The Wisconsin Card Sorting Task (WCST) is another common measure of executive functioning.
In this procedure, the subject is given a stack of test cards and must sort them based on the shape, color,
or number of stimuli on the cards. The experimenter tells the subject if he is right or wrong so that the
subject can learn the rules for matching the cards. After a certain number of correct matches, the rules
change without notice. Performance on this test measures the subject’s ability to flexibly shift responses
and inhibit the reflex to follow the previous set of rules. Liss et al. (2001) investigated autistic children’s
performance on the WCST and found that children with autism were less likely to inhibit perseverative
responses when the rules changed than were children with developmental language disorders. Similar
results have been found when comparing perseveration in children with autism to typically-developing
controls (Bennetto, Pennington, & Rogers, 1996; Prior & Hoffman, 1990; Ozonoff & McEvoy, 1994;
Rumsey, 1985). In addition to these studies in children, individual differences in executive function have
been found in adults. Performance on frontal lobe tasks is correlated with a variety of other information
processing tasks even in typical populations (Miyake et al., 2000).

From these findings we can infer that executive functions may also play a role in the
development of other cortical processes. In particular, children who show delays in the development in
executive functions may also show delays in spoken language processing. Very little research has been
conducted on the topic of executive function and language. Luria (1961) proposed a close interaction
between language and executive function. Singer and Bashir (1999) described a case study of a 16-year-
old boy with language-learning disorder, which involved problems with speech production, word finding,
and language formulation. They found that their subject struggled with several domains of executive
function including attention, inhibition, maintenance, adaptation and self-regulation. Similarly, patients
with frontal lobe damage also show deficits in both written and verbal fluency (Kimberg et al., 1996).
Because of the lack of research in the field of frontal lobe functions and language development, one of
our goals was to investigate these factors in typically-developing children, ultimately applying our
findings to children who use cochlear implants.

Working Memory and Spoken Language Processing

Working memory (for review, see: Conway, et al., 2005) has been identified as being involved in
complex cognitive behaviors including reasoning and problem solving (Engle, 2002). The two most
common tasks used to assess verbal working memory are digit span and nonword repetition. The digit
span task is a common component of intelligence testing, which requires the subject to remember and
repeat a sequence of digits either forwards (forward span) or backwards (backward span). Forward digit
span (FDS) taps into the subject’s ability to phonologically encode and verbally rehearse sequential
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materials. Backward digit span (BDS), on the other hand, involves not only encoding and rehearsal, but
also mentally manipulating the series of digits, which involves executive function and cognitive control.

Nonwords are novel, phonologically possible words that have no meaning or semantic
representation in long-term memory. In a nonword repetition task, the subject is asked to repeat back
spoken nonwords one at a time. Nonword repetition is a complex task which requires phonological
encoding, memory, articulatory planning, and speech production. The relationship between speech
perception, digit span, and nonword repetition tasks has been investigated in adults as well as in
typically-developing children (for reviews, see Baddeley, 2003; Baddeley, Gathercole, & Papagno, 1998;
Gathercole, 1999; 2006; Gupta & MacWhinney, 1997). Several studies have found that digit span and
nonword repetition are correlated with children’s vocabulary development (Adams & Gathercole, 1996;
Edwards, Beckman, & Munson, 2004; Gathercole & Baddeley, 1989; Gathercole et al., 1999; Gathercole,
Willis, Emslie, & Baddeley, 1992; Marjerus et al, 2006; Michas & Henry, 1994).

Digit span and nonword repetition have also been investigated in profoundly deaf children who
use CIs. More importantly, several measures of working memory have been linked to language outcome
measures (Pisoni & Geers, 2000, Burkholder & Pisoni, 2003; Burkholder & Pisoni, 2006), as well as
other measures of working memory and spoken language processing (Cleary et al., 2002a; Dillon et al.,
2004) in these children. However, the relationship between working memory and speech and language
abilities still only accounts for about twenty percent of the variance in language outcomes of children
with CIs. Therefore, it is necessary to investigate other cognitive factors that may affect language
outcome in deaf children by assessing the correlations between spoken language processing, working
memory, and other related tasks that draw on processes associated with frontal lobe function.

Perceptual-Motor Skills and Spoken Language Processing

In typically developing children, motor and language milestones tend to occur in synchrony
(Lenneberg, 1967; Siegel, 1992), leading researchers to wonder if delays or deficits in one domain may
also show up in the other. In fact, motor control and coordination have been found to be empirically
linked with language abilities in both children and adults. For example, sequential fingertip tapping skill
is correlated with phonological decoding (i.e., reading) abilities in normal adults (Carello, 2002). This
finding implies that the processes which underlie difficulties in reading may be related to motor and
coordination development. Children with specific language impairment (SLI) have been found to perform
more poorly than age-matched controls on tasks involving motor control and visual discrimination
(Powell & Bishop, 1992). Similarly, twin studies in which one or both twins have SLI, revealed a genetic
link between language, motor, and working memory impairment (Bishop, 2000).

Following these earlier studies, investigators have recently begun to consider the role of motor
development in language outcomes in children with CIs. Several longitudinal studies were completed, in
which motor assessments made before the child received an implant were compared to the child’s
audiologic outcome measures post-implantation. These studies have found that children who present with
higher motor scores on the Vineland Adaptive Behavior Scales (Sparrow et al., 2005) do better on
assessments of language, vocabulary, and spoken word recognition than children with lower motor scores
(Horn et al., 2005). Specifically, Horn et al. (2006) found that fine, but not gross, motor abilities were
highly correlated with the expressive and receptive language abilities of children with cochlear implants.
Similarly, the ability to correctly reproduce geometrical designs has been found to be predictive of
implant success in children (Horn et al., 2004, in press; Fagan et al., in press). These studies suggest that
relations between children’s motor performance and their speech perception abilities warrant more
detailed investigation.
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Degraded Speech Perception as a Measure of Spoken Language Processing

The use of CI simulated speech as a measure of spoken language processing has become a
common experimental tool over the last decade. This method allows researchers to use normal-hearing,
typically-developing subjects and provide them with an auditory simulation of a cochlear implant in
order to study perceptual learning and adaptation to spectrally-degraded speech (e.g., .Rosen et al., 1999;
Fu & Galvin, 2003). Effects of context on understanding degraded speech stimuli have also been
reported, showing that context plays an important role in sentence perception (Conway et al., 2007;
Kalikow, et al., 1977; Miller & Selfridge, 1950; Rubenstein, 1973). Little research, however, has been
conducted concerning the perception of degraded speech by children, especially for degradations
simulating the effects of cochlear implants.

Eisenberg et al. (2002) studied the perception of degraded lexically-easy and lexically-hard
sentences by normal-hearing children and profoundly deaf children who used cochlear implants.
Lexically-easy sentences contained keywords that were high in word frequency (i.e., more common in the
language) and low in neighborhood density (i.e. have few similar-sounding neighbors and therefore are
less confusable). Lexically-hard sentences contained keywords that were low in word frequency (i.e., less
common in the language) and high in neighborhood density (i.e. have more similar sounding neighbors
and are therefore more confusable). Research has shown that word frequency and neighborhood density
have an effect on speech perception under degraded conditions (Meyer & Pisoni, 1999; Luce & Pisoni,
1998). Eisenberg et al. (2002) found that normal-hearing children performed better on the perception of
lexically-easy words and sentences under cochlear implant simulation than on lexically-hard words and
sentences, demonstrating that word frequency and neighborhood density influence spoken language
processing under degraded listening conditions. In addition, the children were more likely to correctly
perceive degraded sentences than degraded isolated words, suggesting a benefit from the presence of
contextual cues when listening to degraded speech.

Eisenberg et al. (2002) also presented these same lexically-balanced words and sentences in the
clear to children who use CIs. Similar trends were observed. The children who used Cls performed better
on lexically-easy sentences and words than on lexically-hard sentences and words. These findings
replicated and extended earlier work by Kirk et al. (1995), who found that word frequency, neighborhood
density, and context play a role in CI users’ performance on speech perception tasks.

Except for the recent study by Eisenberg et al. (2002), there has been no research on perception
of Cl-simulated speech in children. It is important to continue the research in this field in order to
investigate the degree to which children show individual differences in degraded speech perception, and
to determine what other behavioral measures might be used to predict differences in spoken word
recognition. Research on this problem has a direct clinical application to the field of cochlear
implantation because the electrical signal received by CI users is highly degraded. In this study, we want
to know if the same mechanisms that predict normal-hearing children’s speech perception performance
for Cl-simulated speech also predict deaf children’s audiologic and speech perception outcomes
following implantation.

The present study was carried out to assess predictors of spoken language processing
performance in children by investigating the relationship between spoken language processing and other
cognitive processes. Specifically, we measured the speech perception of normal-hearing children
listening to degraded (Cl-simulated) sentences, and compared their performance on this task with
measures of executive function, working memory, and perceptual-motor skills.
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Method

Each of the participants in this study completed ten tasks in one session that lasted between sixty
and ninety minutes, with breaks provided as needed. All testing was completed in a sound-proof booth.
This paper summarizes performance on five of these tasks. For tasks involving published materials, the
tests were administered as described in the testing manuals. All testing was completed at Indiana
University by the first author. The specific materials and set-up for each task are described below.

Participants

Fifteen normal-hearing children were tested in the Speech Research Laboratory at Indiana
University-Bloomington. The children were all monolingual English speakers who ranged in age from
five years, five months (5;5) to eight years, eleven months (8;11) of age (mean 7;5). Children were
recruited from the LEARN Home Schooling Network in Bloomington, IN as well as from the Department
of Psychological and Brain Sciences KID Information Database.

Materials and Procedure

A brief pure-tone audiometric screening was administered to each child at 250, 500, 1000, 2000,
and 4000 Hz using a portable audiometer (Maico Hearing Instruments, Model MA27A). Responses were
required at 20 dB HL for each frequency. Each ear was tested separately, and all children passed the
screening at all frequencies and in both ears.

Degraded Sentence Perception. Speech perception abilities were measured using lexically-
controlled sentences which were degraded using a cochlear implant simulator. The sentences consisted of
twenty lexically-easy (i.e., high word frequency, low neighborhood density) and twenty lexically-hard
(i.e., low word frequency, high neighborhood density) sentences. Each sentence contained three
keywords. Audio recordings of the sentences in the clear were obtained from Laurie Eisenberg, and are
the same as in Eisenberg et al. (2002).

We degraded the sentences to four spectral channels using a sine wave vocoder cochlear implant
simulator (www.tigerspeech.com), and presented them to each child through a loudspeaker (Advent
AV570) at 65 dB SPL. The children were instructed to listen closely to each sentence and then repeat
back what they heard, even if they were only able to perceive one word of the sentence. Two practice
sentences were presented before testing. Children were given feedback after they made their responses to
the practice sentences, but received no feedback during testing. All 40 of the test sentences (20 ‘easy’
and 20 ‘hard’) were presented to the children. The order of presentation of the test sentences was
randomized for each child, and each sentence was presented only once. The child’s responses were
recorded onto digital audio tape (DAT), and were later scored off-line based on number of keywords
correctly repeated for each sentence.

WISC-III Forward and Backward Digit Span. The forward and backward digit span portions
of the WISC-III intelligence scale (Wechsler, 1991) were administered to the children to obtain a
measure of verbal immediate memory span. The testing materials were prerecorded by a young adult
female talker, and were presented to the child through a loudspeaker (Advent AV570) at 65 dB SPL.
Number sequences for both the forward and backward span tasks ranged from two to ten digits in length,
with two strings of digits presented at each sequence length. For the forward span test, the child was
asked to repeat the digits in the same order in which they were presented. The backward span task
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required the children to repeat the digits in the opposite order. The children’s responses were recorded on
digital audio tape (DAT). Responses were scored on-line, using the tape as a scoring crosscheck. Testing
was terminated when the child missed two sequences of the same length.

Memory for Dot Patterns. The memory for dot locations subtest of the Children’s Memory
Scale (CMS; Cohen, 1997) was used as a measure of both immediate and delayed recall of a spatial
pattern. The children were shown a picture of six blue dots inside a large white background. The dot
pattern was presented to the child for five seconds before being taken out of sight. The child was then
asked to replicate the dot pattern by placing six blue chips onto a 3x4 grid. The child was allowed to
place the chips on the grid in any order with no time restriction. The final pattern produced by the child
was recorded and no feedback was given on the child’s performance. The chips were then cleared from
the child’s grid, and the same dot pattern was shown to the child again for five seconds and then taken
out of view. The child was then asked to replicate the dot pattern. This process was repeated a third time,
resulting in a total of three learning trials in which the same dot pattern was used. Next, a trial of red dots
was presented and the child was asked to replicate it. The red dot trial was not scored, but rather served
as a distracter. The child was then asked to recall from memory the initial blue dot pattern that had been
presented three times (immediate recall trial). At the conclusion of the experiment (after a delay of
approximately 30 minutes), the child was again asked to replicate the blue dot pattern from memory
(delayed recall trial). The child’s replications were scored based on total number of chips placed
correctly on the grid. Therefore, a child could receive a total raw score of up to twenty-four points for the
three learning trials plus the immediate recall trial, and up to six points for the delayed recall portion of
the task. These raw scores were then converted into scaled scores, taking into account the age of the
child.

NEPSY - A Developmental Neuropsychological Assessment. The NEPSY (Korkman et al.,
1998) is a clinical neuropsychological test battery designed to assess children’s development in the
following five domains: Attention/Executive Functions, Language, Visuo-spatial Processing,
Sensorimotor, Memory and Language (for review, see Ahmad & Warriner, 2001). Results from two
subtests of the NEPSY, described below, will be reported in this paper.

The Design Copying subtest of the NEPSY is part of the visuo-spatial processing domain, which
includes a battery of tests aimed to assess the child’s non-verbal visuo-spatial skills such as body
movement and hand-eye coordination. The children were given eighteen geometric designs and asked to
copy each design. All eighteen designs from the subtest were copied by each child. The child was not
allowed to erase any mistakes made, and was not allowed to turn the paper while drawing. Each design
was scored on a four-point scale taking into consideration things such as angle, completeness, and
proportion. The scoring criteria differed for each design. The child’s pencil grip and the presence or
absence of hand tremors were also noted by the experimenter.

The Knock and Tap subtest of the NEPSY was administered to assess the child’s attention and
executive functioning, specifically, their ability to coordinate motor responses, inhibit reflexive
responses, and shift responses when a rule change was introduced (i.e. inhibit perseveration). First, the
experimenter demonstrated that when she knocked on the table the child was to tap on the table with his
preferred hand (the child’s non-preferred hand rested on the table at all times). She also demonstrated
that if she tapped on the table, the child was to knock on the table. Four practice trials were carried out
with this set of rules as many times as necessary until the child understood the rules. All children
required only one practice session. A total of fifteen test trials were then completed under this set of
rules. Then, a new set of rules was introduced to the child. Now, if the experimenter hit the side of her
fist on the table, the child was to knock on the table, and if she knocked the child was to hit the side of
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his/her fist on the table. However, if the experimenter tapped on the table, the child was to do nothing.
Six practice trials were administered with the new set of rules as many times as necessary until the child
understood the rules. All children required only one practice session. Fifteen test trials were then
administered under the new rule set. The child’s response was recorded for each trial. The number of
correct responses out of a total possible raw score of thirty points was then converted into a percentile
ranking based on the child’s age.

Results and Discussion

Mean performance on the degraded sentence perception task is shown in Table 1, which reports
the average number of target words correctly perceived by the children. Examination of this table reveals
that children performed numerically better on the lexically-easy sentences (41% correct) than on the
lexically-hard sentences (36% correct). However, this difference was not statistically significant: Easy
vs. Hard, t(14)=2.02, p=.06.

Table 1: Degraded Speech Perception Scores

Task Mean SD

Easy Sentences 24.7 10.07
Hard Sentences 22.3 10.4
Total 47 19.9

Table 1. Means and standard deviations for number of keywords correct on the lexically-easy and lexically-
hard sentences (total possible keywords correct = 60 for each sentence type), and for the total number of
keywords correct across sentence type (total possible keywords correct = 120).

The children’s scores on the other experimental tasks are summarized in Table 2. For the forward
digit span (FDS) task, the children produced an average of 7.1 correct sequences (2 of length 2, 2 of
length 3, 2 of length 4, and 1 of length 5). The children produced fewer correct sequences on backward
digit span (BDS; mean of 4.1 correct sequences: 2 of length 2, and 2 of length 3). The difference between
children’s performance on FDS and BDS was statistically significant: FDS vs. BDS, #(14)=7.25, p<.001.
The total digit span performance (TDS = FDS+BDS) had a mean of 11.4 correct sequences.

The CMS Learning scaled scores (total of the children’s replications on the first 3 exposures) had
a mean of 10.1 (50‘h percentile). The CMS Total scaled scores (CMS Learning score + Immediate Recall
score) had a mean of 11.0 (63rd percentile). The CMS Delay scaled scores (Delayed Recall score) had a
mean of 11.3 (63" percentile).

The NEPSY Design Copying Subtest scaled scores had a mean of 12.8. There are no percentile
conversions available for this individual score, because it is part of a larger battery of tests which
comprise the visuo-spatial processing domain of the NEPSY. Therefore, only standardized data for the
sum of scaled scores in the entire domain were available. Since the Design Copying was the only visuo-
spatial processing domain task of the NEPSY that we completed, we are unable to report percentile
rankings for this scaled score. The NEPSY Knock and Tap raw scores had a mean of 28.5 and a standard
deviation of 1.06. This translates to the 26" to 75" percentile, which is considered to be the expected
level of performance for typically developing children.
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Table 2: Means and Standard Deviations of Experimental Subtests

Task Mean SD
FDS 7.1 2.1
BDS 4.1 1.2
TDS 11.4 3.1
CMS-Learn 10.1 3.65
CMS-Total 11.0 3.85
CMS-Delay 11.3 2.38
Design Copy 12.8 2.73
Knock&Tap 8.5 1.06

Table 2. Means and standard deviations for various tasks including: forward digit span (FDS),
backward digit span (BDS), total digit span (TDS = FDS+BDS), CMS-Learning scaled scores
(CMS-Learn = replications of first 3 exposures), CMS-Total scaled scores (CMS-Total = CMS-
Learn + Immediate Recall), CMS-Delay scaled scores (Delayed Recall), Design Copying scaled
scores, and Knock and Tap raw scores (total possible = 30).

To investigate the relations between working memory and degraded speech perception, we ran a
series of correlations comparing performance on the speech perception task with performance on the
digit span and CMS tasks. The results of this analysis are summarized in Table 3. The only significant
correlation that emerged from this analysis was the correlation between the total digit span score (TDS)
and the scores on lexically-hard (Hard Sent., r=.53, p<.05) and total sentence perception (Total Sent.,
r=.52, p<.05). FDS was also correlated with scores on lexically-hard sentences (r=.50, p=.06) and total
sentence perception (r=.46, p=.09) although both correlations were only marginally significant.

However, when we performed a partial-correlation analysis controlling for age, both correlations
became non-significant (Table 4), indicating that younger children have more problems with both digit
span and speech perception than older children. The fact that digit span correlates with speech perception
only when age is not controlled for suggests that any association between performance on these two tasks
is largely accounted for by a single common source of variance having to do with chronological age.
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Table 3: Correlational Analysis Between Working Memory and Speech Perception Tasks

Task Easy Sent. Hard Sent. Total Sent.
FDS r=.387 r=.498 r=.456
p=.154 p=.059 p =.088
BDS r=.427 r=.3I15 r=.380
p=.112 p=.253 p=.126
TDS r=.508 r=.526 r=.523
p=.053 p =.044* p=.041%
CMS-Learn r=.109 r=.110 r=.113
p=.698 p =.696 p=.689
CMS-Total r=.221 r=.207 r=.219
p=.429 p =.460 p=.432
CMS-Delay r=-.079 r=-.053 r=.-068
p=.778 p=.852 p=.810
* =sig. to .05

Table 3. Correlational analysis of digit span and CMS: dot location memory tasks with degraded
speech perception scores. Age is included as a variable.

Table 4: Partial-Correlation Analysis Between Digit Span and Speech Perception (Controlling for Age)

Task Easy Sent. Hard Sent. Total Sent.
FDS r=.040 r=.254 r=.162
p=.893 p=.380 p=.580
BDS r=.140 r=-.007 r=.066
p=.633 p=.980 =.823
TDS r=.155 r=.224 r=.203
p=.597 p =.441 p =.487

Table 4. Partial-correlation analysis of digit span and speech perception scores, controlling for age.
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To assess the relationship between speech perception, executive function, and perceptual-motor
skills, we performed a correlational analysis comparing the two NEPSY subtests with scores from the
speech perception task. The results of this analysis are summarized in Table 5. Both the Design Copying
and the Knock and Tap scores were significantly correlated with the speech perception measures (r>.59,
p<.02).

Table 5: Correlations Between EF and P-M skills and Speech Perception

Task Easy Sent. Hard Sent. Total Sent.
Design Copy r=.663 r=.653 r=.676
p =.007** p =.008** p =.006%*
Knock & Tap r=.593 r=.386 r=.501
p =.020* p=.156 p=.057

* =sig. to .05, ** =sig. to .01

Table S. Correlational analysis of executive function and perceptual-motor tasks (NEPSY: Design
Copying scaled scores and NEPSY: Knock & Tap percentile rankings) with speech perception.
Age included as a variable.

Strong positive and significant correlations (r’s >.6, p’s<.01) between scores on the Design
Copying task and all of the degraded sentence perception measures were observed. Children who were
better able to perceive speech under degraded conditions also performed better at copying geometric
designs. A scatterplot of the individual scores is shown in Figure 1. These results suggest that executive
function and perceptual-motor skills which are involved in copying geometric designs are associated with
speech perception, word recognition, and spoken language processing.

1.00

0.80

0.60{ °

0.40

Percent Correct Total Keywords

0.20

0.004

T T T T T T
8.00 10.00 12.00 14.00 16.00 18.00
Design Copy Scaled Scores

Figure 1. Scatterplot of performance on the Design Copying task and percent
correct total keywords (easy + hard sentences) on the sentence perception task.
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Scores on the Knock and Tap test were also positively correlated (r=.59, p<.05) with speech
perception, but only for the perception of lexically-easy sentences. Children who were better at
perceiving lexically-easy sentences under degraded conditions also performed better on the Knock and
Tap task. A scatterplot of the scores on these two tasks is shown in Figure 2. This indicates that the
perception of high-frequency, low-density words is linked to the executive function and perceptual-motor
skills involved in completing the Knock and Tap task.
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0.80—

0.60 °

0.40—

Percent Correct Total Keywords

0.20—

0.00—

T T T T T
26.00 27.00 28.00 29.00 30.00

Knock and Tap Raw Scores

Figure 2. Scatterplot of performance on the Knock and Tap task and percent
correct total keywords (easy + hard sentences) on the sentence perception task.

In order to evaluate the effect of age on these correlations, we performed a partial-correlation
analysis controlling for age. The results of this analysis are summarized in Table 6. When age is
partialled out of the correlation, the Design Copying test scores are still significantly correlated (r’s>.59,
p’s<.05) with all three speech perception measures. This indicates that the link between the abilities used
on Design Copying and those used in degraded speech perception is not a result of age. In other words,
the association between these two tasks cannot be explained simply due to younger children performing
more poorly than older children.
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Table 6:
Partial-Correlation Analysis Between EF and P-M skills and Speech Perception (Controlling for Age)

Task Easy Sent. Hard Sent. Total Sent.
Design Copy r=.631 r=.597 r=.648
p=.015% p =.024% p=.012%
Knock & Tap r=.677 r=.349 r=.533
p =.008%* p=.221 p =.050%
* =sig. t0 .05
** =sig. t0 .01

Table 6. Partial-correlation analysis of executive function and perceptual motor tasks (NEPSY:
Design Copying scaled scores and NEPSY: Knock & Tap percentile rankings) with speech
perception, controlling for age.

The correlation between the Knock and Tap test and the perception of lexically-easy sentences
actually became stronger when age was controlled for (r=.68, p<.01). The correlation between Knock
and Tap scores and the total keywords perceived was also significant (r=.53, p=.05). This pattern
suggests that the association between the Knock and Tap task and the degraded speech perception task
also are not due to age-related factors.

We also found that both the Knock and Tap and Design Copying scores were strongly correlated
with one another (r=.64, p=.01) even when age was partialled out of the correlation (r=.62, p<.05). This
result suggests that both tasks share a common source of variance that is independent of age, and some
overlap exists between the resources need to complete these tasks, even though they were placed in
separate domains in the NEPSY test battery.

Overall, our results indicate varying degrees of correlation between working memory, executive
function, perceptual-motor skills, and speech perception abilities in normal-hearing children. While the
correlations between speech perception and measures of working memory (Digit Span and CMS:
Memory for Dot Locations) reflect age related factors at this stage in our analysis, the executive function
and perceptual-motor tasks were found to correlate with speech perception regardless of age. Therefore,
it is likely that some aspects of motor and frontal lobe functioning may play a role in spoken language
processing and perception.

General Discussion

We originally predicted that measures of executive function, working memory, and perceptual-
motor skills would be correlated with children’s performance on a degraded speech perception test, based
on earlier empirical evidence that spoken language processing is associated with attention, memory, and
motor functions. The present findings provide insight into the relationship between speech perception,
executive function, and perceptual-motor skills in typically-developing children. These findings are
particularly interesting because, not only are executive function and perceptual-motor tasks correlated
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with a measure of spoken language processing, they are also correlated with each other. This indicates
that the development of attention, coordination, and speech perception and production develop at similar
rates in children, and that these abilities may reflect common organizational processes.

It is important to consider the following observations regarding our results. First, the correlation
we initially found between digit span and degraded speech perception was expected, based on earlier
studies showing that spoken language processing and verbal working memory measures are linked in
typically-developing children and in children who use ClIs. However, this correlation became weaker
when age was controlled for in the analysis. Whereas previous studies have shown a link between
working memory and vocabulary development (e.g., Baddeley, 2003; Baddeley et al., 1998), our data
suggest that verbal working memory may not be related to the perception of spoken language under
degraded listening conditions, at least for the current set of stimuli.

Second, we found no significant correlations between memory for dot locations and children’s
speech perception abilities. Previous research has shown that cochlear implant children perform more
poorly on measures of spatial memory span than normal-hearing children (Cleary, et al., 2001). However,
in a study using the same CMS dot locations test with children who use cochlear implants, their overall
performance was comparable to the published norms for the task, but was still slightly lower than scores
obtained from a normal-hearing control group (Cleary & Pisoni, 2007). It is possible that visuo-spatial
memory is not closely linked to speech perception when compared to phonological working memory.
Further examination of these tasks in typically-developing children is warranted.

Third, the Design Copying and Knock and Tap tasks were found to strongly correlate with the
degraded speech perception task. Previous studies have shown that non-verbal cognitive development is
highly predictive of language development in children as young as 2 to 4 years of age (Oliver, Dale, &
Plomin, 2004), and that children who show deficits in language development also show deficits in non-
verbal domains (Viding et al., 2003). Korkman and colleagues (2001) found that the subtests of the
NEPSY are highly correlated with age, especially in younger children (ages 5 to 8). Their findings not
only indicate that the NEPSY is a developmentally sensitive test, but also magnify the importance of our
findings, because the correlations we found between these tasks were not a function of age. The
development of executive function, speech perception, and perceptual-motor abilities apparently varies
from child to child, with children’s performance on one task being highly predictive of their performance
on the others.

The finding that frontal lobe functions are related to language development is not surprising
when framed in the theory of embodied cognition (for review, see Wilson, 2002). This approach suggests
that cognitive and sensory processes do not function independently of one another, but rather are
controlled by a complex, integrative system which encompasses brain, body, and world (Clark, 1997).
Developmental research has shown that milestones in both language and motor development follow a
similar timetable, and that motor development successfully predicts later language development in
children (Lenneberg, 1967; Siegel, 1982). In line with this view, it has been found that there are distinct
developmental periods for frontal lobe functions during which children’s attentional and self-regulational
abilities are developed and organized (Case, 1992). In fact, some researchers believe that the frontal lobe
is directly responsible for guiding the actions of other perceptual, cognitive, and physical systems, such
as language (Stuss 1992; Thatcher, 1992).

Fourth, we found a strong relationship between the Design Copying and the Knock and Tap

tasks. Although the NEPSY test battery places Design Copying and Knock and Tap in separate domains
(visuo-spatial processing, and attention/executive function, respectively), children may actually be using
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similar neural and cognitive resources to complete these tasks. For example, replicating a drawing of a
geometric design involves, at a minimum: visuo-spatial processing, attention, planning, and precise fine-
motor coordination. Likewise, performing the Knock and Tap task involves, at a minimum: attention,
inhibition, motor coordination, and restraining perseveration. It is apparent that some overlap occurs in
the cognitive functions required to complete these two tasks, all of which have been attributed to the
functioning of the frontal lobe (i.e. executive function).

Finally, we found that Design Copying was correlated with both lexically-easy and lexically-hard
sentence perception (and overall performance on the speech perception task), while Knock and Tap was
correlated with lexically-easy sentence perception but not with lexically-hard sentence perception. This
pattern is particularly interesting because no significant difference was found between children’s
performance on the two types of sentences. It has been reported that there is a difference between the
perception of lexically-easy and lexically-hard words under adverse listening conditions. Because
lexically-hard words are used less frequently and are more easily confusable than lexically-easy words,
lexically-easy words are generally perceived better than lexically-hard words under degraded conditions.
Therefore, the perception of lexically-hard words is a more cognitively challenging task, which requires
the listener to encode and discriminate fine phonetic distinctions in the speech signal (especially when
the signal is degraded) in order to perceive the words correctly. The reason why Design Copying
correlates with lexically-hard sentence performance while Knock and Tap correlates with lexically-easy
sentence performance is unclear at this point. The two tasks correlate with each other, indicating that
they may overlap in some executive function domain. It is possible that there are different dimensions to
the various executive functions such as attention. For example, Knock and Tap and lexically-easy
sentence perception may involve a form of general attention, while Design Copying and lexically-hard
sentence perception may involve attention for fine details.

To summarize, we found no relationship between degraded speech perception and verbal or
spatial working memory tasks in typically-developing children. However, we did find strong positive
relations between speech perception and both a test of visuo-spatial processing (Design Copying) and a
test of attention/executive function (Knock and Tap). The Design Copying and Knock and Tap tasks
correlated with one another, indicating that while they are placed in different NEPSY domains, there may
be some overlap in the cognitive functions (such as attention, planning, and motor coordination) required
to complete these tasks. Upon further investigation of this relationship, we found that these two tasks
were correlated with different speech perception measures in terms of the lexical content of the
sentences. This suggests that executive function is not a homogenous psychological construct and may
reflect different subskills and processing domains.

Finally, the sample size of the present study (N=15) is small and these results require
confirmation with a larger sample of children. In addition, caution should be exercised when
generalizing the results obtained for the degraded speech used in this study to other forms of spoken
language perception tasks. In this study, we were interested in a fairly severe form of degradation that
closely mimicked CI speech. The results for this form of degradation, however, may not generalize to
other forms of degradation examined previously such as background noise, reverberation, or filtering.
One could argue that, the more severe the stimulus degradation, the greater the role to be played by
higher level cognitive processing used for deciphering the distorted input. The use of CI simulated
speech as a performance measure has been criticized because subjects are acutely exposed to this type of
degradation. The argument has been made that measures obtained from normal-hearing subjects under CI
simulation may not be directly comparable to the measures obtained from CI users who are chronically
exposed to acoustic degradation and therefore experience an effect of learning with continued exposure.
In addition, the children assessed in this study already had typically developing spoken language abilities.
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Their ability to make use of context or to make sense of degraded input may differ from that in children
without typically developing language systems, such as many profoundly impaired children who receive
cochlear implants.

Conclusions

Spoken language processing is a complex task that involves the processing and encoding of fine
acoustic details. Motor and memory abilities have been found to be linked to children’s ability to
perceive language under highly degraded conditions. We found that executive function and perceptual-
motor tasks strongly correlated with typically-developing children’s ability to perceive degraded speech
signals. These findings indicate that the development of certain aspects of executive function, such as
attention, planning, motor control and coordination, visuo-spatial processing, and inhibition are closely
linked with the development of spoken language processing in children. All of these executive functions
are attributed to the frontal regions of the brain, indicating an important role of frontal lobe development
and coordination in language development. Aside from their general theoretical impact in terms of the
role of cognitive control in language processing, the present findings have implications for the study of
individual differences in deaf children who have received Cls. Research on this unique clinical
population in our lab is focused on discovering factors that may help predict profoundly deaf children’s
outcome and benefit achieved after receiving an implant. Understanding the contribution of such factors
will allow for advancements in clinical protocols, ultimately improving the techniques used for aural
habilitation and rehabilitation of children and adults who receive cochlear implants as a treatment for
profound deafness.
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Audiovisual Perception of Spoken Words in Speech and Nonspeech Modes:
Measures of Architecture and Capacity

Abstract. Contemporary models of audiovisual speech perception attempt to explain
accuracy data based on curve fitting and optimization techniques (see Braida, 1991;
Massaro, 1987). Research on audiovisual speech perception lacks a formal mathematical
foundation because current models do not make predictions about reaction time or
adequately describe how the audio and visual channels are processed in the black box.
The double factorial paradigm (DFP) developed by Townsend and Nozawa (1995) uses
systems factorial technology to provide a framework for investigating how different
information channels are processed. In Experiment 1, participants were required to make
one response if auditory information, visual information, or both forms of information
were present and a negative response on target absent trials. Data from the audiovisual
detection task with the word “base” as the stimulus showed that processing architecture
was either coactive or parallel self-terminating. A second experiment again using the
double factorial paradigm methodology (Experiment 2) required participants to
distinguish between two spoken words: “base” and ‘“face.” The data showed that
processing was mostly coactive, but possibly parallel self-terminating in some cases.
Processing capacity was limited in both experiments, indicating a lack of redundancy
gain. Overall, these results suggest that the audio and visual channels are combined into a
single processor, although inhibition or competition may exist between channels.

Introduction

The cognitive or information processing approach to psychology seeks to understand in a
mathematically rigorous fashion how information is processed in the “black box.” Given a certain number
of distinct inputs to the system, the output or subject’s response is measured, but the psychologist would
ultimately want to understand the cognitive mechanisms that produced the output. Speech perception for
example, is a multimodal perceptual faculty that relies on auditory, visual, and even haptic information as
inputs to the system—where word or segment recognition is the output (Fowler & Dekle, 1991; Sumby &
Pollack, 1954). Sumby and Pollack demonstrated the importance of the contribution of visual information
in speech perception by showing that the proportion of audiovisual gain remains identical across all signal
to noise ratios. It is also well established that when listeners are presented with incongruent audiovisual
stimuli, the resulting percept is different than either the audio or visual stimuli, as is the case in the
McGurk effect. The auditory stimulus was the utterance /ba/, which was dubbed over a visually
articulated /ga/, and in the majority of cases, subjects reported experiencing the “perceptual fusion” /da/
(see McGurk & McDonald, 1976).

Researchers have long investigated the output of the black box and established that fact speech
perception is a multi-modal phenomenon. However, broad classes of models related to the way audio and
visual stimuli are processed in black box such as serial, parallel, or coactive processing have not been
falsified or investigated. The mechanisms that listeners use to extract and combine information from
different modalities in real time are not understood. An investigation of the processing architecture (i.e.,
parallel or serial) in the “black box” would provide a fundamental foundation for scientific investigations
of audiovisual perception.

Most research on audiovisual speech perception assumes that listeners somehow combine
information from the individual modalities, without explaining how integration occurs in the “black box”
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or a neurologically based model. The Fuzzy Logic Model of Perception FLMP is one class of models,
which assumes a priori that audiovisual integration occurs in an optimal fashion, where the relationship
between audio and visual information are multiplied and divided by the sum of the alternatives (Massaro,
2004). FLMP uses a formulation of Bayes’ theorem to determine the probability that a certain syllable,
word, or phoneme was processed given the available audio and visual parameters.” A second model
referred to as the pre-labeling integration model (PRE) is founded upon multidimensional signal detection
theory, and assumes that the unimodal information scores will be used optimally, and that the predicted
AV scores should be greater than or equal to observed unimodal identification scores (Braida, 1991).

While FLMP and PRE account for confusion data when tested in audiovisual perception
experiments (Grant, 2002; Grant, Tufts, & Greenberg, 2007; Massaro, 2004), they do not attempt to
explain how cognitive systems process information from the audio and visual channels. The question is
how are the audio and visual channels utilized and combined in real time to form a unified percept? A
second and related point is that models of audiovisual perception do not make fine-grained predictions
about reaction time data, which generally precludes mathematical modeling of dynamic processes.

Figure 1 shows two prominent conceptual accounts or neural representations of how integration
might occur in an information processing system, along with a serial processing model where processing
cannot begin on the second channel until it finishes on the first channel. The parallel model has
independent channels where separate decisions are made on each channel. In this framework, the audio
and visual speech streams are processed separately and simultaneously just prior to the decision stage. A
separate decision is made on each channel or modality and a subsequent decision is made using an AND
or an OR gate. Consider for example a case where a listener is given a task where they have to respond
“yes” if presented with /ba/ in either the audio or visual modality. When /ba/ is presented, each channel
accumulates information and if the auditory channel exceeds threshold, the listener responds “yes”
regardless of whether the visual channel is finished accumulating information. In a coactive model, the
information from each channel is combined into a common information processor that counts information
from each source. Once the counter in this common processor exceeds threshold, a decision is made.
Lastly, in the serial model, processing on the audio and visual components of /da/ or /da/ cannot occur
simultaneously. If the auditory component is processed first, for example, then processing in the visual
domain cannot begin until the audio channel is completely finished. If the system is self-terminating, then
a decision can be made when the audio channel finishes, whereas if the stopping rule is exhaustive, both
channels must finish.

FLMP and PRE do not make explicit predictions about serial, parallel, or coactive processing
architecture. Massaro (2004) claims that the algorithms used in FLMP can implement either the parallel
or coactive models depicted in Figure 1. A major undertaking in this project is to garner behavioral
evidence to distinguish between the models depicted in Figure 1. Two general candidates for audiovisual
speech recognition include coactive processing and parallel non-convergent processing, although serial
processing will also be considered.

In a two alternative forced choice task where the listener has to distinguish between /ba/ and /da/, the probability of a given
value is a function of the audio and visual parameters: p(/da/ | A & V) = aivj/[aivj + (1-ai)(1-vj)].
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Figure 1. Audiovisual Processing accounts. On top is a schematic representation of a parallel
model with an OR as well as an AND gate. The coactive model below assumes that each channel
is pooled into a common processor where evidence is accumulated prior to making a decision. The
serial model at the bottom assumes that processing occurs one stage at a time. Processing cannot
begin on the second channel on stage two unless processing on the first channel is completed.

Audiovisual Speech Perception

While formal mathematical models have not been applied to distinguish coactive versus parallel
processing, there has been discussion in the audiovisual speech perception literature pertaining to
different processing architectures for the audio and visual channels. For instance, speech perception
theorists from different schools of thought like motor theory (Liberman & Mattingly, 1985) direct realism
(Fowler & Rosenblum, 1991), and other general processing theories (see Bernstein, 2005) differ in how
they conceptualize audiovisual information processing. Motor theory and direct realism for instance,
assume that the primitives of speech perception are articulatory gestures.* Rosenblum (20035) argues that
the evidence of the importance of multimodal speech perception supports gesture based theories, and
draws the conclusion that multimodal speech is the primary function of perception. He argues that
information in the speech signal is present in every modality, and the perceptual processes involved in
recognizing speech are “unconcerned” with regard to modality. Gesture based theories do not make
explicit mathematical predictions with regard to the mappings between the auditory and visual channels.
However, one way to illustrate this framework in the context of audiovisual perception is to conceptualize
the information from the audio and visual modalities becoming “integrated” and combined into a single
channel “early” in the decision process prior to word recognition (where the decision process considers
only the sum of the information and not the information in the individual modalities), as depicted in the
“coactive” model in Figure 1.

* In the case of motor theory, the motor gestures that produced the sounds are recovered by the listener using analysis by
synthesis. For direct realism, information about gestures is carried by the speech signal and is perceived directly. For simplicity,
motor theory and direct realism will be treated identically with regard to audiovisual perception in this paper.
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Behavioral studies have provided some support for the view that speech perception is
“unconcerned” with source modality, or that audiovisual integration occurs early, i.e., prior to word or
segment recognition. Green and Miller (1985) demonstrated that visually perceived rate of articulation
influences auditory segment perception. They used a McGurk paradigm to show that visual information
about place of articulation can influence properties like voice onset time. Subjects were shown
audiovisual clips of a talker saying a syllable that varied auditorially and visually on a continuum from
/bi/ to /pi/. The corresponding visual information was played either fast or slow. They showed that slowly
articulated syllables increased the percentage of time that subjects perceived /bi/ relative to /pi/. Because
visual information influences the perception of features that are the components of word recognition,
these findings indicate “early” integration of audiovisual channels, in which audio and visual information
is combined into a single channel prior to word and segment recognition. They argued that the results
were indicative of a decision process that has access to both auditory and visual information and
combines the two sources of information prior to recognition.

Neuroimaging evidence from audiovisual speech perception tasks has suggested similar
conclusions about the presence of coactive processing. Calvert and Campbell (2003) showed that silent
lipreading tasks activate the primary auditory cortex. Subjects were presented with either sequences of
still key frames or moving images of the same duration of a talker saying nonsense syllables. Subjects
were instructed to look for a visible target syllable like “voo” in a sequence of other nonsense syllables. In
contrast to resting conditions in which letters were superimposed on a resting face, sequences of still key
frame images produced activation in the posterior cortical areas associated with the perception of
biological motion. Activation was also observed in canonical speech processing areas including Broca’s
area, the superior temporal sulcus (STS). However, moving images produced greater activation in these
regions compared to still frames. They concluded that visual speech accesses areas traditionally believed
to be auditory processing regions for language, which is possibly due to “dynamic audiovisual integration
mechanisms” in the STS (Calvert & Campbell, 2003).

Super-additive activation in the STS has also been observed in congruent audiovisual speech
perception tasks (Calvert et al., 1997), while incongruent audiovisual speech has yielded sub-additive
activation in the STS (Calvert, Campbell, & Brammer, 2000). Super-additive activation occurs when the
amount of activation recorded in a brain area in the bimodal condition is greater than the sum of the
activation levels from each unimodal condition. The observation of super-additive levels of activation in
the STS indicates the possibility that there are neurons and brain regions that only respond, or mostly
respond to audiovisual input. The existence of neurons that respond selectively to audiovisual input
provides at least some evidence that the brain might be implementing an information processing system
analogous to the coactive model depicted in Figure 1 where the audio and visual components of the signal
are combined into one channel prior to segment or word recognition.

Nonetheless, the conclusion that multi-sensory neurons are responsible for processing audiovisual
speech is not uniformly accepted. The BOLD response is a measure of the blood oxygen level in a brain
region and therefore represents an indirect measure of neural activity. fMRI designs also suffer from poor
temporal resolution. Observations of super-additive levels of activation in the STS could be due to
“commingled” unisensory neurons (Bernstein, Auer, & Moore, 2004; Meredith, 2002). That is, areas that
are believed to respond only to audiovisual speech in reality contain large numbers of unisensory neurons.
Furthermore, the STS responds not only to speech, but also to complex nonspeech gestures (Puce,
Allison, Bentin, Gore, & McCarthy, 1998). When presented with pairs of moving eyes or moving mouths,
bilateral activation was observed in the posterior STS, while the control stimuli consisting of moving
checkered patterns did not activate the STS or surrounding areas. These data appear to indicate that the
auditory and visual streams are not converging to a common processor, and therefore there is insufficient
evidence for a coactive processing model.
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Bernstein (2005) argued instead that while speech is part of a highly specialized cortical system,
not all motor and perceptual areas of the cortex seem to be devoted to speech perception, as gestural
theories would assume. According to Bernstein, auditory and visual speech stimuli might be processed
separately and simultaneously and “converge” only after phonetic perception and word recognition.
Bernstein reasons that multimodal perception of the speech signal involves separate and simultaneous
analysis of the audio and visual inputs. According to this account, the information from the audiovisual
speech streams is processed in parallel, where extensive unisensory processing occurs before the binding
of auditory and visual speech representations. This view is analogous to the parallel model discussed in
Figure 1, which differs architecturally from the coactive model where one common processor integrates
audio and visual information prior to phonetic perception.

Double Factorial Paradigm: Assessing Architecture and Capacity

Given the coactive and parallel models of integration in the context of Rosenblum (2005) and
Bernstein’s (2005) respective analyses on audiovisual speech perception, it is pertinent to return to the
purpose of this project by finding a way to distinguish between these two models. The double factorial
paradigm (DFP) developed by Townsend and Nozawa (1995) is an experimental methodology that can be
used to obtain behavioral evidence to distinguish parallel from coactive processing. The description of the
coactive and parallel models in the speech perception literature, while of theoretical importance, requires
a more specific mathematical formulation along with behavioral data if they are to be adequately
distinguished due to conflicting and imprecise accounts discussed in previous paragraphs.

The methodology for assessing mental architecture involves a factorial methodology that captures
potential interactions between factors. One statistic that has been used to analyze interactions is the mean
interaction contrast, or MIC = RTIl — RTlh — (RThl — RThh) (see Sternberg, 1969). In this formula, RT
designates reaction time, and each subscript represents the level of one factor like presence or absence of
a feature or brightness: h = high, which indicates fast reaction times and 1 = low, which indicates slower
reaction times. The hh condition for example might represent audio and visual stimuli of a high level of
clarity, which a listener would be able to identify more quickly than if the audio of visual portions (or
both) were degraded or less salient. One shortcoming of the MIC is that it is a coarse measure
representing only one point at each level (i.e., the mean or median of the distribution). Townsend and
Nozawa (1995) developed a more sensitive measure that analyzes the curve of the entire distribution of
reaction times referred to as the survivor interaction contrast (SIC). The SIC is defined as S1C(t) = SII (t)
— Slh (t) — (Shl (t) — Shh (t)). Notice that the SIC uses the same sequence of terms as the MIC, only this
time survivor functions are used rather than mean reaction times. Let S(t) = 1 — F(t), where F(t) is the
cumulative distribution function of the density function f(t) of reaction times. The survivor function
SIC(t), is a distribution function indicating the probability that a process is still going on. If audiovisual
stimuli is presented, then SIC(t) would indicate the probability that the word, phoneme, or stimulus has
not been recognized and identified by the subject by time t.

The SIC function makes several predictions about processing architecture. For the type of parallel
processing described by the non-convergent model which assumes that each channel has its own decision
stage, the SIC function can be positive or negative depending on the stopping rule. A parallel model with
separate decisions and an exhaustive stopping rule predicts a negative SIC curve. “Exhaustive processing”
refers to a stopping rule in a parallel system where each channel must finish processing before a decision
is made. The reason for underadditivity in parallel exhaustive models is because each element must be
completed before the system terminates. In other words, the processing of the system is determined by the
slowest element. On the lh or hl trials, the longest time tends to be closer to the longest time on the 11
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trials. Thus, the difference between Sl (t) — Slh (t) is generally smaller than the difference between Shl (t)
— Shh(t).

The case is exactly the opposite for parallel minimum time self-terminating models (or horse race
models), which terminate when the fastest element finishes. The SIC function for these models is positive
since the difference between SlI(t) — Slh(t) is generally greater than the difference between Shl(t) — Shh(t).
The reason is because the lh trials have an element that takes less time to process.

Coactivation might be considered a class of parallel models where the information from each
channel is pooled into a single channel governed by a Poisson summation process. The survivor
interaction function for Poisson summation models is negative at the beginning for low t, and becomes
positive at later times t. The mean interaction contrast is positive. While the shape of the SIC function
may not conform to intuition, it does make sense mathematically. The rate of coactive models is the sum
of the rates of each channel—the sum of the audio and visual channels. For certain time t, the contrast
will either be positive or negative. The SIC function is a function of the rate parameter and the curvature
corresponds to the sign of the second derivative, which as stated above is negative for low t, and becomes
positive as t increases (Townsend & Nozawa, 1995).

Finally, serial processing predicts an MIC of O regardless of whether the stopping rule is
exhaustive or self-terminating. When processing in serial with a self-terminating stopping rule, the SIC(t)
function is flat and equal to O at each point. Interestingly in the exhaustive case, the SIC(t) resembles an S-
shaped curve with a negative region for early processing times and a positive region for later processing
times (Townsend & Nozawa, 1995). The negative and positive regions of the curve are equal to each
other in serial exhaustive model, and if we integrate over the curve, the total area is equal to zero.

Capacity and Audio-Visual Gain in Speech Perception

A second feature of the DFP is its ability to assess the capacity of the system. Capacity is a
measure that determines how the number of channels present affects the processing speed at a given time
t. In other words, is there a cost, benefit, or no change in processing when both audio and visual channels
are present (redundant target) relative to conditions when only the audio or visual channel is operating
(single target)? If the processing rate is unaffected by increasing the number of channels, the system
operates at unlimited capacity, if it slows down, then it operates at limited capacity, and if there is a
benefit in processing rate, then it operates at super capacity.

Measuring processing capacity requires looking at the ratio of the integrated Hazard functions.
The form of the hazard function is given below.

h(t) = flo/[S(1)] 6]

Where f(t) is the probability density function, and S(t) is the survivor function which yields the
probability that a process has not yet finished. The hazard function h(t) indicates the probability that a
process will terminate at the next moment (t + 1) in time given that it has not yet terminated at time t.

To calculate the capacity coefficient C(t) at each point in time, we calculate the integrated hazard
function for the conditions where the subject is presented with the redundant target and divide it by the
sum of the integrated hazard functions of the single target conditions (Townsend & Nozawa, 1995). The

subscripts A and V indicate the audio and visual channels.

C(t) = HAV(t)/[HA(t) + HV(t)] 2
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The integrated hazard function H(t) is equivalent to log[1 — F(t)] or log[S(t)], and in the field of
physics it is used as a measure of the total energy consumed. The system operates at super capacity at a
certain point in time t if C(t) is greater than 1 at that point, unlimited capacity if it equals 1, and limited
capacity if it is less than 1 (Wenger & Townsend, 2000).

As previously stated, it is known that congruent audiovisual information about spoken words
facilitates accuracy levels in perception (Sumby & Pollack, 1954). However, the notion of processing
capacity as defined above has generally been left unaddressed in the audiovisual speech perception
literature, although research has been conducted investigating redundant target effects for nonspeech
auditory and visual stimuli (see Berryhill, Kveraga, Webb, & Hughes, 2007; Miller, Kuhlwein, & Ulrich,
2004; Schroter, Ulrich, & Miller, 2007 for a discussion). Berryhill et al. (2007) presented subjects with
congruent audiovisual stimuli (with a visual lead (SOA) of 0, 75ms, 150ms, and 225ms). The stimuli
consisted of symbolic tokens of the numerals 1 and 2 presented in the visual modality, and auditory
tokens of a talker saying 1 or 2, where the task of the participants was to determine whether ‘1’ was
presented or ‘2’ was presented. Each trial was an audio only trial, visual only trial, or audiovisual trial
(redundant target). They observed limited capacity, or lack of redundancy gain, when presentation of the
audio and visual components was synchronized. When the lead (SOA) of the visual stimuli increased,
capacity became less limited, and at SOAs of 150 and 225ms, a redundancy gain was observed.

In this study, the double factorial paradigm was applied in two separate experiments to test
architecture and capacity in a control study where subjects were not required to attend to speech (i.e.,
nonspeech mode: Experiments 1A and 1B). A second Experiment (2) was conducted where subjects were
required to distinguish between two spoken words. Both experiments used RT data to test audiovisual
processing architecture and capacity using the formal framework of the double factorial paradigm. These
experiments were designed to look inside the black box and begin to analyze whether processing of
audiovisual components is parallel, coactive, or even serial in tasks where subjects were required to
identify the presence of a talker or distinguish between spoken words of English. Experiment 1 was an
audiovisual detection task using video clips of a single talker as stimuli. This experiment was a control
study where subjects were exposed to a talker speaking a word of English. They were required to focus on
the surface properties of the stimuli to judge whether a stimulus was present or absent, and were required
to detect stimuli rather than engage in spoken word recognition. We compared the results (i.e.,
architecture and capacity) from Experiment 1 with the results from Experiment 2. The purpose was to
assess whether the results from the speech perception experiment were particular to high-level cognition
such as spoken word recognition, or whether they reflect general audiovisual processing mechanisms
involved in simply identifying “complex” stimuli like the moving face of a talker.

Experiment 1A
Participants
Seven subjects (four females and three males) with normal or corrected vision were paid ten
dollars per session for their participation. Data analysis was not conducted for one subject who only
completed one session.
Materials
The experiment was carried out in the Speech Research Laboratory (SRL) at Indiana University

in Bloomington. The stimulus materials included an audiovisual movie clip of a female talker from the
Hoosier Multi-talker Database saying the word “Base”. A total of eight different stimuli were created
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from this video clip: two audio files at two levels of saliency, two video files at two levels of saliency, and
four audiovisual clips at each factorial combination of high-high, high-low, low-high, and low-low levels
of saliency. The audio, visual, and audiovisual files were edited using Final Cut Pro HD version 4.5. The
audio files were sampled at a rate of 48 kHz at a size of 16 bits. The high saliency audio files were
presented at 57 dB and the low saliency audio files presented at a volume of 45 dB. The brightness level
on the video files was manipulated to create two different levels of saliency. On the low saliency video
files, the brightness was reduced 90 steps using the brightness video filter. This had the effect dimming
and reducing the contrast of the video, making it mode difficult to perceive the talker’s articulators. Both
audio and video files lasted for a total duration of approximately 1,600 milliseconds.

Design and Procedure

Subjects were seated 14 to 16 inches in front of a Macintosh computer equipped with Beyer
Dynamic-100 headphones. Each trial began with a fixation cross appearing in the center of the computer
screen followed by either a target absent trial, or one of the eight possible stimuli: target present and
target absent. One fourth of the trials were target absent trials in which no stimulus appeared after the plus
sign on the center of the screen. The stimulus trials included either audio only, visual only, or audiovisual
stimuli. Experiment 1 was an OR design where subjects were instructed to respond, as quickly and
accurately as they possible by pressing the button labeled “Base” if they heard either the word “base”
(audio only), saw the talker utter the word “base”, or were exposed to a redundant target where both the
audio and visual components of the word “base” were present. They were instructed to respond by
pressing the button labeled “Nothing” if no stimulus appeared on the screen. There was a 750-millisecond
delay between trials.

There were a total of 800 target-absent trials, 800 audio only trials, 800 audiovisual trials, and
800 visual only trials for a total of 3,200 trials per subject (1/4 Nothing, 1/4 A only, 1/4 V only, 1/4 AV).
This included 200 trials in each redundant target condition (hh, hl, 1h, 1I). Participants were run for 40
blocks at 80 trials each with a break scheduled between each block. Participants also received sixteen
practice trials at the onset of each experimental session that were not included in the subsequent data
analysis. The experiment lasted approximately 45 minutes and was conducted over a course of 4 days.

Results and Discussion

Percentage of errors averaged across all participants was less than 2 %. Evidence of a speed-
accuracy trade off was not observed. Therefore, only reaction time results will be presented.

The primary focus in Experiment 1A was on the set of SIC curves for each participant, which are
distribution free (Townsend & Nozawa, 1995). Data from each participant was analyzed separately rather
than averaged together since the results would have obscured individual differences and possibly led to
different conclusions (see Townsend & Fific, 2004). ANOVAs and the mean interaction contrast (MIC)
were analyzed in this experiment because they can help confirm or disconfirm interactions between the
factorial conditions, which is an important tool for disconfirming serial processing. Serial processing
would display a MIC of 0 (no interaction) and a flat SIC. The integral of the SIC curve is equal to the
mean interaction contrast. Results of the SIC and mean interaction will be discussed together. Finally, the
capacity coefficient, C(t), which is a measure of the system’s capacity at time t, was also of interest and
will be addressed in subsequent analyses.

SIC curves for four participants who demonstrated selective influence appear in Figure 2. The

MIC appears in Table 1 along with the ANOVA results for the four factorial conditions. A bin size of 10
milliseconds was used to calculate each survivor function in each experiment. Recall that each participant
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completed 200 trials in each factorial condition, but errors and outliers (+ or — 3.0 SD from the mean)
were eliminated from the analysis.
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Figure 2. SIC curves for four subjects 1, 3, 4, and 6. These were the subjects who showed selective
influence.

Subject 1’s ANOVA results shown in table 2 disconfirm serial processing. The SIC curve, while
mostly positive, dips below zero yielding a small range of negativity around 900 ms. Since the SIC curve
is not entirely positive, it fails to confirm parallel self-terminating processing behavior in this subject. One
possible explanation, given the inconsistent curve and the positive interaction is that Subject 1 used dual
processing strategies during the task, switching from parallel to serial.

Subject 3’s results reveal a positive SIC curve with negativity for early processing times and a
positive MIC. This indicates coactive or possibly parallel self-terminating processing that finishes when
either the audio or visual channel has reached a decision. The significant results provided by the ANOVA
in Table 2 support this conclusion, along with the fact that the capacity coefficient discussed in the
following section indicates severely limited capacity.

Subject 4’s results suggest either serial self-terminating or indeterminate behavior due to weak

selective influence between the redundant target conditions. Subject 4’s SIC curve was neither positive
nor negative and fit the line SIC(t) = 0 with a root mean squared error of .019 and a sum of squared errors
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of 1.57. Since the MIC was close to zero and the ANOVA did not even approach significance, we can
tentatively accept the result that the behavior for this participant was serial self-terminating.

Subject 6’s SIC curve was a flat line like subject 4’s curve. Likewise, these results taken together
with the MIC are indicative of serial self-terminating, or again indeterminate behavior due to weak
selective influence. The fit to the flat line SIC(t) = 0 had a root mean squared error of .017 and a sum of
squared errors of 1.40. The corresponding ANOVA did not show a trend toward significance.

The SIC curves and ANOVA results from subject 3 suggested parallel or coactive processing.
The SIC curves and ANOVA results from subjects 4 and 6 on the other hand, indicated serial processing.
Subject 4’s SIC curve was flat and the MIC was close to zero. It is possible in some instances that
subjects process audiovisual material in a serial manner and self-terminate when a decision is made.
Subject 6’s SIC curve, similar to Subject 4’s, was generally flat at SIC(t) = 0. The MIC was close to zero
without a trend toward an interaction between channels. These ANOVA results added to the evidence that
Subject’s 4 and 6 processed the audiovisual stimuli in a parallel self-terminating manner.

Subject  dfl  df2 F p Mic
1 1 181 11.019 001 4428
3 1 180 6.23 013 41.90
4 1 171 365 546 7.28
6 1 181 014 905 3.45

Table 1. General Linear Model showing the level of interaction between the audio and visual
channels. The Mean Interaction Contrast (MIC) is also displayed. This table shows the F value for
the mean interaction, the p value (sig. = .05), and the mean interaction contrast.

The second part of this analysis involves examining the system’s capacity. Specifically, we were
investigating whether having both channels operating increases efficiency, decreases efficiency. Results
of the measured capacity coefficient C(t) are compared with the bound for super capacity discussed
previously in the introduction in addition to Grice’s inequality (see Townsend & Nozawa, 1995).

The performance of each subject in the redundant target condition was compared with the
predictions of an unlimited capacity parallel processing model (i.e., C(t) = 1). Figure 3 shows plots of the
capacity coefficient for each of the six participants in Experiment 1A. The solid line at C(t) = 1 is the
bound for unlimited-super capacity. Data points above the line are indicative of super capacity, data
points below the line are indicative of limited capacity, and data points hovering around the line indicate
unlimited capacity. The boundary indicated by C(t) = 1/2 represents the Grice bound for limited to
extremely capacity. Grice’s inequality is defined below:

C(1) < MAX[HV(t), HA(t)] / [HV(t) + HA(1)] 3)

The value in the numerator is the highest unimodal hazard function or the slower of the two processes.
When the distributions of completion times for each channel are identical, Grice’s inequality = 1/2.

The definition of “fixed capacity” is the average of the two single target integrated hazard
functions (if we assume equal distribution parameters), which means that when two channels are
operating, fixed capacity is C(t) = 1/2. Most of the data points fall below Grice’s bound for extremely
limited capacity and generally hover around C(t) = 1/2. Experiment 1 data support a limited to extremely
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limited or fixed capacity model since C(t) < 1 (where C(t) ~ 1/2) for all six subjects across all time bins,
even for small values of t.

The data from Experiment 1A indicated variable processing strategies for subjects. One possible
reason for variability in processing strategies might have been the long exposure times of the stimuli
combined with the simple experimental design. Therefore, the processing architecture data obtained in
Experiment 1A is inconclusive. However, the capacity coefficient remained consistent across subjects,
which supports the hypothesis that processing capacity is extremely limited in audiovisual detection tasks.
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Figure 3. The Capacity coefficient for each of the six participants in Experiment 1A. Processing
capacity was extremely limited for each subject.
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Experiment 1B

Experiment 1B was a modification of Experiment 1A. The audio and visual stimuli used in
Experiment 1A (the female talker saying the word “Base”) were shortened where only the first five
frames of the video and corresponding audio files were used. This manipulation had the effect of
shortening the duration of the audiovisual stimuli from 1,624 ms to approximately 150~160 ms. The
purpose of this manipulation was to improve selective influence by helping to reduce eye movements and
variability in each of the redundant target reaction time distributions. The audiovisual files were cropped
beginning at the onset of the word in “Base”. The SIC curves in Experiment 1A were highly variable. Of
the four subjects showing selective influence of experimental manipulation, two yielded SIC functions
that were basically flat, indicating parallel processing.

Since the stimuli lasted over 1,000 milliseconds in Experiment 1A, it was possible for subjects to
move their eyes and therefore potentially shift processing strategies. The purpose of Experiment 1B was
to eliminate variable processing strategies by manipulating the duration of the stimulus materials.

Participants

Five participants (two males and three females) with normal or corrected vision were paid ten
dollars per session for their participation.

Materials

The materials were identical to those used in Experiment 1. The audiovisual files were shortened
using Final Cut Pro HD version 4.5.

Design and Procedure

The design and procedure was identical to task used in Experiment 1A.

Results and Discussion

Percentage of errors averaged across all participants was less than 5%. As in the case of
Experiment 1A, evidence of a speed-accuracy trade off was not observed. Therefore, only reaction time
results are discussed.

Participants in Experiment 1B showed less between subject variability in the SIC curves.
Participants in Experiment 1A on the other hand, either failed to show selective influence, or yielded SIC
curves that were indicative of parallel self-terminating processing or coactive processing, or even serial-
self terminating processing.

Subject dfl df2 F p MIC
1 1 191 199.6 <.001 21.940
2 1 192 4.592 <.05 17.049
3 1 195 7.520 <.05 20.618
4 1 195 1.768 185 14.162
5 1 195 7.670 <.01 10.00

Table 2. This table indicates the level of audio and visual channel interaction for each subject. The
mean interaction contrast is also indicated.
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Each of the five subjects demonstrated selective influence. SIC curves are shown for each of the
five subjects in Figure 4 below. Each participant completed 200 trials in each factorial condition—the
same amount of trials that were completed in Experiment 1A. Errors and outliers (+ or — 3.0 SD from the
mean) were eliminated from the analysis. Table 2 displays the F values and MIC for each of the five
subjects.
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Figure 4. SIC curves for all five subjects in Experiment 1B. Each subject showed selective
influence.
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Figure 5. The Capacity coefficient for each of the five participants in Experiment 1B. Processing
capacity was extremely limited for each subject.

The SIC for each subject was over-additive (> 0), strongly suggesting parallel or coactive
processing strategies. The SIC and MIC for subjects 2 and 5 was almost entirely over-additive, indicating
parallel self-terminating processing. The SIC for subjects 1, 3, and 4 show negativity for early stages of
processing. The MIC was positive for subjects 1 and 4, although the ANOVA on the interaction was
statistically significant for subject 1 but not 4. The positive MIC supports the hypothesis that processing
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was coactive for these subjects, but the case is weaker for subject 4 whose F value was not statistically
significant. Negativity at early processing stages is indicative of coactive processing, while positive SIC
functions as previously discussed indicate parallel self-terminating processing.

The capacity functions for each subject shown in Figure 5 differ slightly from those obtained in
Experiment 1A. The capacity coefficient C(t) for each subject was below 1 indicating fixed or limited
capacity. Data from each participant shows that the Grice inequality was violated across many points in
time. The capacity data differ slightly from the data in Experiment 1A because Miller’s inequality was
violated in Subject 3’s and Subject 5’s data. In short, while largely consistent with the data obtained in
Experiment 1A, capacity, at least for some subjects, was not as limited at early processing times.

Experiment 2

Experiment 2 was designed to test architecture and capacity in a speech recognition task where
participants have to distinguish between two words. Experiments 1A and 1B were control tasks where
participants engaged in the detection, but not recognition, of audiovisual stimuli.

Participants

Five female subjects with normal or corrected vision were paid $10/session for their participation.
Data from one subject was removed since that individual did not complete all experimental sessions.

Materials

The stimulus materials included two audiovisual movie clips of a female talker from the Hoosier
Multi-talker Database saying the words “Base” and “Face”. The two words in this set are intended to be
confusable, with only the onset phoneme (/b/ versus /f/) differing between them. A total of eight different
stimuli were created from each video clip: two audio files at two levels of saliency, two video files at two
levels of saliency, and four audiovisual clips at each factorial combination of high-high, high-low, low-
high, and low-low levels of saliency. The audio, visual, and audiovisual files were created using Final Cut
Pro HD version 4.5. The audio files were sampled at a rate of 48 kHz using 16 bit encoding. Pink noise
was generated using Adobe Audition and mixed into each audio file to create two different signal-to-noise
ratios, and hence two different levels of saliency. The two signal-to-noise ratios for both stimuli were 40
dB for the high condition and 0 dB for the low condition.

The brightness level on the video files was manipulated in the same way as in Experiment 1A and
1B. The audio and video files lasted for a total duration of 1,616 milliseconds for “Base” and 1,683
milliseconds for the word “Face”. The beginning of each audio and video file was edited in Final Cut Pro
in order to create identical onset times for the spoken stimuli.

Design and Procedure

Subjects were seated in front of a Macintosh computer equipped with Beyer Dynamic-100
headphones. Each trial began with a plus sign appearing in the center of the computer screen followed by
the word “base” or “face.” Trials are either audio alone, visual alone, or AV. Subjects were instructed to
respond, as quickly and accurately as possible by pressing the button labeled “Base” if they either heard
the word “base”, saw a video of the talker saying “base”, or both. Subjects were instructed to press the
button labeled “Face” if they heard the word “face”, saw a video of the talker saying “face”, or both.
There was a 1,000 millisecond delay between trials.
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Each subject was presented with 3,360 total trials with 1,120 audio only trials (560 “base” + 560
“face), 1,120 visual only trials, (560 “base” + 560 “face”), and 1,120 audiovisual trials (560 “base” + 560
“face). Additionally, there were 280 trials in each redundant target condition (hh, hl, 1h, II). Table 3 below
shows a diagram of the experimental design. Participants were run for 28 blocks at 120 trials each with a
break scheduled between each block and each experimental session lasted approximately one hour. The
experiment required four to five days to complete. Participants also received sixteen practice trials at the
onset of each experimental session that were not included in the subsequent data analysis.

Audio Visual Correct Response
ABase VBase Base
ABase %) Base
(%) VBase Base
AFace VFace Face
AFace (%) Face
(%) VFace Face

Table 3. This table shows each stimulus-response category (Base and Face) along side each
factorial condition.

Results and Discussion

Percentage of errors averaged across all participants was less than 10 %. The error rate was likely
higher in Experiment 2 due to the increased complexity of the task requiring subjects to distinguish
between two similar spoken words of English. Each subject was close to or above 90 % accuracy across
conditions. Evidence of a speed-accuracy trade off was not observed in the redundant target condition.

As in Experiments 1A and 1B, the initial analysis consisted of an investigation of the SIC curves
and corresponding ANOVAs. Each subject showed selective influence. SIC curves for 4 subjects in
Experiment 2 appear in Figure 6. ANOVA results and the MIC are shown in Table 4. The different nature
of the tasks in Experiments 1 and 2 was the reason that subjects failed to show selective influence (or
showed weaker selective influence) in the former experiment but not the latter. Although the duration of
the stimuli remained the same between Experiments 1A and 2, participants were required to simply detect
the presence of a moving image or sound in the first experiment, whereas in Experiment 2, the task was
more likely to be cortically driven requiring them to distinguish between two words. More evidence was
able to accumulate in each channel in Experiment 1 because the stimuli remained on for a longer time
(compared with shorter durations in Experiment 1B), resulting in a smaller difference in completion times
between the high and low conditions.

Recall that each participant in Experiment 2 completed 28 blocks consisting of 120 trials. Overall,
the data demonstrate consistent processing between subjects. Each subject’s SIC curve is over additive
(greater than 0) at most points. Furthermore, each subject’s MIC is positive and the corresponding one-
way ANOVA indicates either a strong trend, or a significant positive interaction between the audio and
visual channels. The positive SIC curve with the MIC and ANOVA results indicate parallel processing
while observing a minimum time or self-terminating stopping rule.
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Subject dfl df2 F p Mic
1 1 263 3.34 A2 38.0
2 1 261 2.99 ~.05 21.4
3 1 261 3.87 <.05 36.7
4 1 201 1 <.50 22.1

Table 4. This table shows the F value for the mean interaction, the p value (sig. = .05), and the

mean interaction contrast for Experiment 2.
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Figure 6. SIC curves for each the four subjects in Experiment 2. Each subject showed selective
influence.

Subject 1’s SIC curve and ANOVA suggests coactive processing in both conditions. The curve is
mostly over additive with a degree of negativity for reaction times around 1300 milliseconds. Secondly,
the mean interaction is positive (MIC = 38), although the p value from the ANOVA indicates only a trend
toward a significant positive interaction (p = .10).

Subject 2’s SIC curve was entirely over additive, strongly suggesting parallel self-terminating
processing. Secondly, this participant’s MIC was positive and the ANOVA indicates a marginally
significant interaction between the audio and visual channels.
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Subject 3’s results indicted coactive processing, both in the over additive SIC curve showing
negativity for early processing times, and the positive MIC. Results from the ANOVA also indicated a
significant interaction with p < .05.

The negativity for early processing times in Subject 4’s data also suggests coactive processing.
The MIC was positive for this subject adding further evidence for coactive architecture rather than serial
exhaustive. We did notice that the F value was low and the p value did not approach significance
suggesting that the power was too low for this particular subject to draw strong conclusions. Nonetheless,
these data are consistent and strikingly suggest coactive or parallel processing since the SIC curves and
interactions were overwhelmingly positive, with a range of negativity for early processing times for three
out of four subjects.

Figure 7 displays the capacity C(t) plots for all three subjects. The solid flat line at C(t) = 1
represents the bound for super capacity. The plots were consistent in showing that capacity at all points in
time was extremely limited. The Grice Lower bound was violated for each subject at nearly every point in
time, while the bound for super capacity was not surpassed at any point in time. These data, as in
Experiments 1A and 1B, are indicative of an extremely limited capacity or fixed capacity coactive model.
In order for a coactive model to predict extremely limited capacity, strong inhibition between auditory
and visual channels is necessary. Independent coactive models always produce violations of the
unlimited—supercapacity bound and do not violate Grice’s inequality for extremely limited capacity (see
Townsend & Nozawa, 1995).
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Figure 7. The Capacity coefficient for each of the four participants in Experiment 2. Processing
capacity was extremely limited for each subject, as was the case in Experiments 1A and 1B.
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General Discussion and Conclusion

Experiments (1A & 1B) and 2 were designed to test different models regarding how listeners
process audiovisual stimuli in real time. Both versions of Experiment 1 were designed to test how
participants processed audiovisual speech stimuli in a detection task, while Experiment 2 examined how
participants process audiovisual speech stimuli in a word discrimination task where they were required to
distinguish between real spoken words. Recall that previous work on audiovisual speech perception was
generally unconcerned with dynamic models of audiovisual perception, and primarily sought to account
for accuracy data (Braida, 1991; Massaro, 2004). In particular, previous research did not attempt to
account for how information from the auditory and visual channels was utilized by the “black box” prior
to or during the decision process.

Models of dynamic audiovisual speech perception are relevant to current work in the field.
Theorists of direct perception and motor theory (Fowler & Rosenblum, 1991; Liberman & Mattingly,
1985), and contrasting theories (Bernstein, 2005) make different claims about how audiovisual
information is used during perception and word recognition. Mathematical tools founded upon factorial
methodology which make specific claims about reaction time distributions, are an appropriate tools to
begin investigating these claims. Factorial methodology was employed to assess the processing
architecture and capacity in a detection task and word discrimination task. Our primary focus was
analyzing the SIC and determining what form of processing emerged. In addition to investigating the
shape of the SIC curves, we looked at the capacity coefficient to determine whether processing time
increased, decreased or remained the same when two channels were present relative to the cases when
only one channel was present. Experiments 1 and 2 began to reveal how the audio and visual channels are
integrated. Data show that the main candidates for processing architecture are parallel with a self-
terminating decision rule, or possibly coactive with extreme capacity limitations.

Data from the detection task in Experiment 1A revealed inconsistent results. SIC curves were
either inconclusive as to the nature of processing taking place due to the fact that selective influence
between conditions was either weak or not present. Processing appeared to be parallel self-terminating,
while one subject showed coactivation and the rest demonstrated either serial or indeterminate processing.
Experiment 1B, a modified version of Experiment 1A with shorter stimulus durations produced clearer
results. Processing for each subject was most likely parallel self-terminating for 2 subjects, while 3
participants showed architecture consistent with coactive processing. Capacity between these two
experiments was consistent, where the capacity coefficient C(t) was overwhelmingly negative for each of
the subjects.

Data from the word discrimination task in Experiment 2 showed that processing was either
coactive or parallel self-terminating. Capacity coefficients obtained in Experiment 2 revealed extremely
limited capacity, which was consistent with the capacity measured in Experiment 1A and 1B. Extremely
limited capacity is observed in serial models, and parallel models with negative inhibition, but is not
typical of coactive models (Townsend & Nozawa, 1995; Townsend & Wenger, 2004). Hence it is
important to begin understanding why coactive architecture indicated by the negativity in the SIC(t)
function was observed in conjunction with extremely limited capacity in Experiments 1B and 2. The fact
that capacity was extremely limited might indicate strong inhibition or competition between the audio and
visual channels. Inhibitory links between channels might begin to explain why extremely limited capacity
was observed in conjunction with coactive processing. However, simulations have demonstrated that
coactive processing models are usually super capacity even with negative inhibition between channels
(Townsend & Nozawa, 1995; Townsend & Wenger, 2004).
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It is worth mentioning that extremely limited capacity was observed even though previous studies
have consistently observed “audiovisual enhancement” in accuracy scores when audiovisual conditions
were compared to audio only conditions (Sumby & Pollack, 1954). Audio and visual processing channels
might simultaneously engage in inhibition (slowing the system down) while enhancing the quality of the
information at the decision stage.

It is also important to continue investigating the nature of the limitations in processing capacity
obtained in these experiments. If limitations in audiovisual processing capacity result from between
channel inhibition, it would be worthwhile to understand how this inhibition might be manipulated or
offset. Recent research involving discrimination of the numerals “1” and “2” in the visual modality with
congruent speech stimuli indicates that manipulating the SOA (the lead of the visual stimuli in
milliseconds) might decrease capacity limitations. At SOAs of 150 milliseconds or more, “redundant
target effects” (i.e., supercapacity) were observed, which might indicate coactive processing (Berryhill et
al., 2007).

Another worthwhile future direction will be to explore capacity and processing architecture using
incongruent audiovisual stimuli as in the McGurk effect. The use of incongruent audiovisual stimuli will
allow investigators to explore how audiovisual inhibition as indicated by the capacity coefficient C(t)
might be enhanced or otherwise altered, and explore whether processing architecture remains consistent
with cases where the audio visual are congruent in both AND as well as OR experimental designs.
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Frequency of Use Leads to Automaticity of Production:
Evidence from Repair in Conversation

Abstract: Investigation of spontaneous replacement repairs found in the Switchboard
Corpus (Godfrey et al., 1992) shows that low-frequency repaired words are more likely
to be interrupted prior to replacement than high-frequency words are. These results
provide novel empirical support to the hypothesis that the production of high-frequency
words is more automatic than the production of low-frequency words (Bybee, 2002;
Logan, 1982). The relationship between the effects of frequency on interruptibility is
argued to be partially mediated by the effect of frequency on duration. In addition to
testing the link between frequency and automaticity, the present paper reports that
replaced words tend to be more frequent than the words that replace them, providing
support for the hypothesis that high-frequency words are easier to access in word
production, which has been criticized on the basis of not observing this frequency
asymmetry in semantic substitution errors (Garrett, 2001). Finally, whether a word is
interrupted is found to depend strongly on the length of the word, with long to-be-
replaced words being more likely to be interrupted than produced completely. Thus,
while speakers prefer to produce constituents with a continuous delivery (Clark &
Wasow, 1998), the drive to produce a continuous constituent competes with the drive to
interrupt as soon as possible (Main Interruption Rule, Levelt, 1983, 1989).

Introduction
Theoretical Background

Bybee (2002) suggests that the production of high-frequency words and phrases is more
automated than the production of low-frequency words and phrases. Under this hypothesis, high-
frequency words are more cohesive than low-frequency words: the parts forming a high-frequency word
are more tightly linked together than the parts forming a low-frequency word.

Previous evidence for a link between cohesion and frequency has come from studies showing
that high-frequency words are more likely to undergo reductive sound change (Bybee, 2002; Hooper,
1976). Mowrey and Pagliuca (1995; Pagliuca & Mowrey, 1987) go as far as claiming that all internally-
motivated regular sound changes in progress that have been attested can be explained by an increase in
gestural compression. Bybee (2001: 79-83) and Phillips (2001) suggest that there are other sources of
sound change but that Mowrey and Pagliuca’s claim holds for sound changes that involve lexical
diffusion from high-frequency to low-frequency words.

An increase in the temporal overlap between successive gestures and temporal compression of
the sequence of articulatory goals corresponding to a word is expected to result from automatization of
word production (Bybee, 2002). Assuming that in a sequence of articulatory goals, a goal gains control of
articulation when it is activated sufficiently, and that activation spreads from earlier goals to later ones, a
goal will receive control of articulation earlier when it is strongly connected to the preceding goal. Thus,
the preceding goal is less likely to be completely reached when the following goal is highly predictable in
the context. In addition, when the gestures called for by successive goals do not interfere with each other,
which could cause undershoot, articulatory overlap between gestures implementing successive goals is
more likely in a high-frequency sequence. Under this account, a high-frequency word is a more cohesive
unit than a low-frequency word.
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However, the finding that reductive sound changes start in high-frequency words has also been
interpreted as indicating that speakers do not expend as much articulatory effort in such words because of
their high contextual predictability for the listener (e.g., Bybee 2002: 269; Gregory et al., 2000;
Lindblom, 1990). Fowler (1988) shows that words that have already been mentioned in the course of the
conversation are shorter than words that are mentioned for the first time (see also Fowler and Housum,
1987) but only if the two tokens are co-referential. Words are not shortened if a homonym has recently
been pronounced but are shortened if preceded by a synonym. Fowler (1988: 317) writes that “production
of a homophone of a target... is not sufficient to yield shortening... even though the word’s articulatory
routine has recently been used. Apparently the shortening reflects the talker’s estimate that a listener has
other information available to help identify the word”. Gregory et al. (2000) support this interpretation by
showing that semantic relatedness to the discourse topic influences word duration even when repetition is
controlled: words related to the discourse topic are shorter than unrelated words.

Under this alternative interpretation, word frequency does not directly influence gestural
compression, automaticity of production, or word cohesion. Rather, frequency is simply one of the factors
that influences contextual predictability, which serves as a constraint on how much reduction the speaker
thinks s/he can get away with.

In the present paper, we investigate a hitherto untested prediction of the hypothesis that the
production of high-frequency words is more automatic than the production of low-frequency words. As
Anderson (2000: 99) puts it, “automaticity occurs when practice eliminates most of the need for central
cognition”, which leads to the behavior becoming relatively impervious to cognitive influences. In
particular, the more automatic a behavior, the harder it should be to interrupt. Thus, if the production of a
high-frequency word is more automatic than the production of a low-frequency word, the production of a
high-frequency word should be harder to interrupt than the production of a low-frequency word.

To address this issue, we will analyze a corpus of conversations among native English speakers
(Switchboard, Godfrey et al., 1992), which has been tagged for disfluencies. The working hypothesis is
that when the speaker interrupts his/her production to replace the word s/he has just produced or started
producing, the interruption is more likely to be delayed until the end of the to-be-repeated or to-be-
replaced word if the word is frequent than if it is rare.

The Phenomenon

In a replacement repair, the speaker replaces the word s/he has just produced or started producing
by a different word. Examples of replacement repairs from the Switchboard Corpus are shown in (1)-(4).
The replaced word is shown in bold while the replacement is italicized. We will call the observed part
of the replaced word, e.g., wa in (3), the remainder, reserving the term replaced word for the inferred
complete lexical item, e.g., wartch in (3). Examples in (1)-(4) show that the speaker has a choice of
producing the replaced word completely or interrupting its production. The present paper is restricted to
cases of replacement repair in which the replaced word and the replacement word are semantically related
because it is nearly impossible to guess the identity of an interrupted replaced word if it is not
semantically related to the replacement.

(1) It was pathe-, I mean, it was horrible.

2 That’s why we were surprised to see ‘“Toyota’ written, I mean, imprinted on the engine
3) I will intentionally buy newspaper to wa-, to look at the news.

@ They don’t want to become a state for fear of losing Spanish, uh, Hispanic heritage.
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Cohesion as an Influence on Disfluency Location

While there have been no studies of frequency effects in replacement repair, previous work on
repetition repair and other disfluencies has shown that the location of interruption and how much material
is repeated are influenced by constituency. Boomer (1965), Clark and Wasow (1998), Levelt (1983), and
Maclay and Osgood (1959) found that interruption of speech production is more likely to occur at word
boundaries than within words and between major syntactic constituents, such as subject and object, rather
than within them. Beattie and Butterworth (1979), Goldman-Eisler (1958, 1968), Tannenbaum et al.
(1965) and Cook (1969) demonstrated that hesitations tend to occur in between-word transitions of
maximum uncertainty, as indicated by low transitional or Cloze probability. These results suggest that
interruption is sensitive to cohesion: speech production is more likely to be interrupted at the boundary
between cohesive units than within a cohesive unit. Thus, if high-frequency words are more cohesive than
low-frequency words, speakers should be less likely to interrupt speech production in the middle of a
high-frequency word than in the middle of a low-frequency word.

Several studies found that speakers tend to start repetition from the nearest major constituent
boundary (Maclay & Osgood, 1959; DuBois, 1974; Nooteboom, 1980; Levelt, 1983; Fox & Jasperson,
1995; Clark & Wasow, 1998; Kapatsinski, 2005). Definitions of major constituent boundaries differ
somewhat across studies, with most researchers taking such boundaries to include clause, object, and
oblique boundaries (Clark and Wasow, 1998; Fox and Jasperson, 1995; Kapatsinski, 2005; Maclay and
Osgood, 1959).2 Based on this work, Clark and Wasow (1998: 206) proposed the Continuity Hypothesis,
which states that speakers prefer to produce syntactic constituents with a continuous delivery. For
instance, if speech production is interrupted somewhere in a prepositional phrase, speakers tend to repeat
everything they have produced after starting the phrase as in (5) below.

(&) I was really familiar with a lot, with a lot of, of the AOR type music

In (5), the speaker repeats three words s/he has already produced despite an overall preference to
repeat as little as possible (in the sample of Kapatsinski 2005, 79% of repetitions are one-word
repetitions, 18% are two-word repetitions, and only 3% are three-word repetitions). The likely reason,
according to the Continuity Hypothesis, is that the speaker wants to produce the entire prepositional
phrase without interruption.” Importantly, while English speakers often repeat prepositions, Japanese
speakers do not repeat postpositions, which would involve restarting speech from the middle of a
postpositional phrase (Fox et al., 1996). Finally, the Continuity Hypothesis is supported by the fact that if
word production is interrupted within a word, the speaker almost always restarts the word, rather than
continuing from the point of interruption.*

Kapatsinski (2005) found that how much is repeated in a repair is influenced by between-word
transitional probability. Speakers do not start repeating from the nearest constituent boundary if that
constituent boundary is a high-probability transition. Kapatsinski tried to predict how many words will be
involved in each repetition found in the Switchboard corpus depending on the location of the nearest
constituent boundary and on which of the three nearest between-word transitions has the lowest
transitional probability. The location of the nearest constituent boundary correctly predicted 44% of the
three-word repetitions in the Switchboard corpus. Then transitional probability was added as a predictor.
The two predictors were combined so that if transitional probability at some nearby word boundary is
much lower than at the nearest constituent boundary, subjects were predicted to start repeating from the

% The status of the subject-verb boundary is questionable (Fox and Jasperson, 1995). In addition, Levelt (1983) argues for an
alternative criterion for where disfluencies should occur, according to which one should be able to continue the constituent
interrupted by the disfluency in such a way that it would be conjoinable with the constituent following the disfluency.

3 Alternatively, speakers may have difficulty initiating production from the middle of a cohesive unit.

* I have been able to find only one example of the latter on Switchboard.
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transition with the lowest transition probability. Otherwise, they were predicted to start from the nearest
constituent boundary. This modification of the Continuity hypothesis improved the predictability of three-
word repetitions to 57%, while maintaining 70% accuracy on one-word and two-word repetitions, where
chance performance is 33% (Kapatsinski, 2005:490).

Thus prior findings suggest that between-word cohesion influences location of interruption and
speakers tend to restart interrupted cohesive units, whether the cohesion is caused by syntactic
constituency or probability of co-occurrence. In the present study we will examine whether location of the
interruption is also sensitive to within-word cohesion and, more specifically, whether high-frequency
words are more cohesive than low-frequency words.

The Possible Roles of Relative Frequency

Surprisingly, there has been only one study looking at word frequency as an influence on
disfluency location. Biber et al. (1999:1059) observe that the indefinite article is less prone to being
repeated than the definite article and propose that “perhaps, all other things being equal, the higher a
word’s frequency, the more likely it is to form repeats... It is easy for the speaker to utter a very frequent
word, without having a clear plan of what words will follow it. Hence, such a word precedes a natural
hesitation point in the utterance”. Biber et al. support the hypothesis by pointing out that an is repeated
very rarely since before choosing an the speaker must at least decide on a vowel-initial word to follow it.
Otherwise, the speaker would choose the much more frequent variant a. Consequently, the sequence a an
is much more frequent than the sequence an a. In addition, the authors find that frequent subject+verb
contractions, those that involve ‘s, ‘re, ‘m and ‘ll, are more likely to be repeated, per number of tokens of
the contraction in the corpus, than less frequent contractions involving ‘ve and ‘d (Biber et al., 1999:
1061-2).

Biber et al.’s (1999) hypothesis provides a possible prediction for when a to-be-replaced word’s
production will be interrupted. The hypothesis is that a high-frequency word is likely to come to mind
faster than a low-frequency word. Thus, if the replaced word is frequent and the replacement word is rare,
the replaced word will come to mind long before the replacement word. Thus, the speaker will have
enough time to produce the replaced word in its entirety before s/he becomes aware of the more
appropriate alternative. On the other hand, if the replacement word is frequent relative to the replaced
word, the appropriate replacement is likely to come to mind soon after the speaker starts to utter the less
appropriate word, leading the production of the replaced word to be aborted before the entire word is
produced. This theory predicts that, other things being equal, interrupted words should be replaced by
high-frequency words while uninterrupted words should be replaced by low-frequency words. Thus in the
present study, we examine both frequency of the replaced word and frequency of the replacement word as
predictors of whether or not the replaced word is interrupted.

In addition, if a high-frequency word comes to mind faster than a low-frequency word, the case
in which a frequent inappropriate word is replaced by a rare but more appropriate word should be more
common than the case in which a rare word is replaced by a word that is both more appropriate and more
frequent. Thus, the replaced word should tend to be more frequent than the replacement word. However,
studies of semantic substitution errors have failed to find a difference between the erroneous word (‘the
intrusion’) and the correct target (DelViso et al., 1991; Harley & MacAndrew, 2001; Hotopf, 1980;
Silverberg, 1998). Garrett (2001) notes that this negative result is inconsistent with existing models of
word production as well as experimental data from picture naming, which show that pictures with high-
frequency names are faster than pictures with low-frequency names (e.g., Jescheniak & Levelt, 1994;
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Oldfield & Wingfield, 1965).” In contrast to studies of semantic substitution errors, the present sample
shows a small but reliable difference in frequency between replaced words and replacement words in the
expected direction, closing the gap between naturalistic and experimental data observed by Garrett (2001)
and supporting the role of token frequency in facilitating lexical access in production.

Main Interruption Rule and Error Detection

An assumption made by the model in the preceding section is that interruption is triggered by
awareness of an alternative, rather than recognition of the inappropriateness of the word being produced.
Alternatively, interruption could be triggered by detection of inappropriateness and the search for an
alternative could be initiated by detection of inappropriateness. Under this hypothesis, the location of the
interruption would be independent of how fast the alternative is accessed. Rather, a word would be likely
to be interrupted if its inappropriateness is detected early relative to when the production of the word is
initiated.

Levelt (1983, 1989) proposes that speakers interrupt production as soon as they detect
inappropriateness of the word being produced (what he calls the Main Interruption Rule). Under the
Main Interruption Rule, words may be interrupted if their inappropriateness is detected quickly. The
speed of detection could plausibly depend on the severity of the error. Thus, a word that is merely
inappropriate may be less likely to be interrupted than a word that is an outright speech error, as found by
Levelt (1983). ® There is some evidence that low-frequency words are more likely to be involved in
speech errors (e.g., Harley and MacAndrew, 2001). If high-frequency words are less likely to be uttered
in error and more likely to be merely inappropriate than low-frequency words, error detection may be
slower in high-frequency words, making high-frequency words less likely to be interrupted than low-
frequency words. We will return to this possibility in the analysis section.

Experimental Studies of Interruptibility in Language Production

There have been three previous studies that specifically examined how easy it is to interrupt
language production and the factors influencing interruptibility (Ladefoged et al., 1973; Logan, 1982;
Sleve & Ferreira, 2006). In all of these studies, on a small proportion of trials, the subject was presented
with a stop signal, which indicated to the subject that they should stop production.

While none of these studies were specifically designed to test for frequency effects, Logan (1982,
Experiment 3) observed that if the typists were told to stop typing immediately before they started typing
the word ‘the’, they tended not to stop until after producing ‘the’, producing 2.72 letters on average. The
same subjects produced fewer than 2 letters on average if the stop signal came before a content word
(verb or noun). Logan showed that while the word ‘the’ was typed faster than other words, the time it
took subjects to stop typing ‘the’ was longer than the time it took them to stop typing content words. He
attributed the effect to word frequency, noting that ‘the’ is the most frequent word in English. The present
study extends this finding by investigating a much larger range of words and word frequencies in
naturalistic speech production.

3 The lexical locus of this effect was confirmed by its disappearance in picture recognition (Jescheniak and Levelt 1994,
experiment 2).

8 Levelt himself (1989:481) seems to reject this possibility, writing “there is no reason to assume that the detection of error occurs
more frequently within the troublesome word than the detection of inappropriateness”, suggesting instead that interruption is used
by the speaker to tell the listener whether the replaced word is a speech error.
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Method
The Corpus

For this study we collected all tokens of replacement repair in the Switchboard corpus (Godfrey
et al., 1992) that satisfied our inclusion criteria. The Switchboard corpus is a collection of telephone
conversations between native American English speakers on predetermined topics that are chosen by the
participants from a fixed set of alternatives with no knowledge of the identity of their interlocutor-to-be.
The version of Switchboard annotated for disfluencies contains about two million words. The corpus is
annotated with a special symbol (‘+’) which marks the locations of repairs. Sound recordings of the
conversations are available online from the LDC (https://online.ldc.upenn.edu/search/). To be included in
the present sample, a token of repair had to be coded as one in the corpus. In addition, the author listened
to the coded tokens of repair and excluded a number of cases based on the exclusion criteria outlined in
the next section.

Exclusions
In the present paper, we concentrate on semantically motivated replacement repair. Thus

instances of repair which involve word insertion as in (6) or (7), word deletion, or reordering as in (8), as
opposed to replacement were excluded.

(6) It does give you a good, a real good workout.

@) Just to see whether or not we're falling, you know, getting ahead, falling behind or staying even
or what.

(8) They ought to, you know, go out of the way, I think, a little bit more to, to help you get, help get
you rehabilitated

Since it is difficult to guess the identity of an interrupted replaced word when it is not
semantically related to the replacement word, uninterrupted replaced words were excluded as well if they
were not semantically related to the replacement. Thus, the example in (9) was excluded from the sample.

9 I went to the bike shock, I mean, the bike shop.

The example in (9) would be excluded from the sample for another reason as well. In (9), the
replaced word (shock) and the replacement word (shop) share beginnings. Therefore, if the replaced word
were interrupted, it would be impossible to tell that the sentence involves replacement rather than
repetition. Thus, all cases in which the replaced word and the replacement word share beginnings were
excluded from the sample if they shared more than one segment. Repairs involving words shorter than
three segments or longer than eight segments were excluded because there were very few such words in
the sample.

In addition, instances of repair in which the replaced consisted of more than one word were
excluded. These include cases of the type shown in (10), where furned [out] is abandoned in favor of was,
as well as cases in which multiple words that are part of the replaced surface as in (11). Contractions like
can’t or don’t and going to in the sense of will were considered single words and included in the sample.

(10) It turned, it was okay.
(11)  The court systems need to be more accurate in, in, stiffer in their penalties.

Cases in which the replaced was a function word that was incompatible with what followed the
replacement, as in (12) where has appears to be replaced by is, were also eliminated because it is likely
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that in these cases repair is motivated by a desire to replace not the function word itself but some word
downstream in the planning sequence or the syntactic construction itself (cf. Stemberger, 1984).

(12)  Has, is this guy a convicted felon?

Uninterrupted replacement repairs included both cases in which the flow of speech was
interrupted immediately after the replaced word and those in which it was interrupted later. Thus, cases
like (13) were included in the sample.

(13)  Thaven't had a chance, I haven't got a chance to look at them yet.

Finally, there is a thin line between replacement repair and certain grammaticalized
constructions, which should not be included into a sample of repairs because they disallow interruption.
One such construction is the clarification construction in which the ‘replacement’ is a hyponym of the
replaced. Thus one can argue that the example in (14) does not involve repair but rather clarification.
However, example (15) in which the replaced word is interrupted, cannot be interpreted in this way. Thus,
the speaker may prefer to say (14) instead of (15) regardless of the frequency of same. Thus, cases in
which the replacement is a hyponym of the replaced were excluded from the sample.

(14) But, no, no real association with TI other than being in the same industry, the electronics
industry.
(15) But, no, no real association with TI other than being in the sa-, the electronics industry.

The mirror image of the clarification construction illustrated in (14) is presented by subject
topicalization in which the ‘replaced’ is a hyponym of the replaced. An example is presented in (16). To
avoid inadvertently including such cases into the sample, all examples in which the replacement is a
pronoun, the replaced is a noun phrase, and the two can be coreferential were excluded from the sample.

(16) My husband and I, we just sit there and cackle.

Another potentially grammaticalized case excluded from the sample is the use of interruption
following subject+just followed by repetition of the same subject as in (17). Such cases are quite
common, although more commonly just is either repeated or omitted and may involve an interruption that
is preplanned for emphatic purposes rather than generated online when a decision to replace a word is
made.

(17)  He just... He simply doesn’t care anymore.

Another case in which repair can be confused with a grammatical construction if the replaced
word is not interrupted is when the ‘replaced’ and the ‘replacement’ are numbers and the second number
is larger than the first (in terms of absolute value, as (19) shows). Thus, repairs involving numbers were
included only if the second number was closer to zero than the first.

(18)  It's taken them ten, fiffeen minutes at a time.

(19)  When it’s minus twenty-five, minus thirty degrees...
(20)  When you’re twenty, thirty years old...

(21)  He was there in nineteen eighty four, eighty five.

Finally, repairs are important to distinguish from lists. A specific problem is presented by lists of

near-synonyms in which the following synonym is ‘more intense’ than the preceding one, e.g., big giant
trees or (possibly) the example in (19). In these cases, the second word is not intended to replace the first
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word, hence interruption is not an option. In addition, cases in which the speaker can’t decide on the
correct word and plans to indicate his lack of certainty by using a disjunction in advance are potentially
problematic (a possible example is shown in (22).

(22)  He's a computer programmer, or a computer engineer.

Fortunately, lists that do not have a conjunction usually have more than two elements and were
excluded on the basis of this criterion. In addition, both listing constructions and disjunctions can be
identified by intonation. The presence of emphasis on the replaced list intonation, or the absence of
interruption was sufficient for exclusion. As Ladefoged et al. (1973) observed in their study of
experimentally elicited interruption, interrupted words almost invariably end with a glottal stop or at least
significant glottalization, while uninterrupted words do not. Thus, glottalization is a very reliable cue for
whether the word was interrupted. Nonetheless, 31 tokens were excluded from the study because there
was disagreement between the present author and the corpus coders on whether or not the word was
interrupted or because the present author was not certain about the status of the word.

Exclusions Specific to Particular Analyses

While cases in which the replacement consisted of more than one word, as in (3) where watch is
replaced by look at or (23) where had is replaced by came out of, were included in the complete sample,
they were excluded for the purposes of comparing the frequency of the replaced word to the frequency of
the replacement word both in terms of their absolute values and as predictors of interruption. Comparing
word frequencies to a mix of word and phrase frequencies would be unfair because the frequency of a
phrase is on average lower than the frequency of a word just because a phrase contains multiple words.

(23) Thad a, I came out of a thirty-one hundred square foot two story house.

In order to assess whether low-frequency words are more likely to be uttered in error, rather than
being merely inappropriate, we need to determine whether a given repair involves an error. Determining
whether a repair involves an error in natural conversation is quite difficult and it is not clear that the
distinction can be reliably made in all cases. Moreover, a large proportion of cases are similar to example
(24) where what the speaker may consider a speech error, the listener, who does not know anything about
the speaker’s family, would surely not. Thus, the analysis will be restricted to unambiguous cases only.

(24) My parents, my mother is trying to let my grandmother stay in her house.

Levelt (1983:63), writes that “in an appropriateness repair... the reparandum is correct but needs
some qualification”. This suggests that a hyponymy relation is involved. Such cases were excluded from
the present sample. In addition, the example shown in Levelt(1989:481) suggest that repairs of
suboptimal choices can also involve synonymy as shown in (25).

(25)  To the left of it a blanc, or a white crossing point.

While it is not clear whether this example would be included in the present sample because the
replaced and the replacement are conjoined with or and it is not indicated that the example involved
hesitation, the sample does include a number of cases in which the replaced and the replacement are

synonymous, as in (26)-(27).

(26)  Idon't have the expertise to just hurry up and do it like some, a professional would.
(27)  That's my private, you know, my own home.
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These cases can be compared to tokens in which the replaced and the replacement are
incompatible because of having demonstrably different referents as in (28)-(29). A common special case
is the replacement of a quantifier by a quantifier with a different range of possible values as when most is
replaced by all, few is replaced by most, eleven is replaced by twenty-one, quite being replaced by not
really. On the other hand, cases in which the replaced and the replacement are quantifiers whose ranges of
values are similar, as when several is replaced by a few, can be considered repairs not involving a speech
erTor.

(28) A sixty-seven Chev-, uh, Mustang
(29)  You may be able to take care, take advantage of that.

An additional class of repairs that can be said to involve speech errors are repairs in which the
replaced word does not fit the preceding context as in (30)-(31).

(30) The person who is the line own-, the line manager.
(31) I was watching the ra-, the 7V today.

Finally, repairs in which one form of a verb is replaced by a different form of the same verb, such
as is being replaced by was can be considered repairs involving speech errors. This does not include cases
like was being replaced by has been in which the two verb forms can have the same referent. Such cases
were not included in the analysis.

Measuring Frequency, Duration, and Number of Segments

For each instance of repair included in the sample (N=1749), the duration of what remained of
the replaced word (the remainder) and the duration of the replacement word were measured. In order to
examine the extent to which any possible effects of frequency are mediated by the effect of frequency on
duration (frequent words are shorter), I estimated the length the interrupted word would have if it were
not interrupted. Several estimates were obtained. For each of these estimates, the duration of the word did
not include the word-final segment. This is because one purpose for which we need estimates of word
duration is to compare the durations of interrupted and uninterrupted words. Since a word may not be
coded as interrupted if its final segment was perceived by the coders, the final segment is not a possible
location for interruption, and the status of the preceding transition is questionable since it can contain
strong cues to the final segment’s identity.

First, a very crude estimate of word duration was obtained by multiplying the duration of the
remainder by the ratio of the number of segments in the remainder to the number of segments in the
complete word. Second, the duration of the complete word produced in isolation from text by an adult
female native speaker of American English was obtained from LDC’s American English Spoken Lexicon
(http://www.ldc.upenn.edu/cgi-bin/aesl/aesl). Finally, ten samples of each of the replaced words were
obtained from the Switchboard Corpus and their durations were measured. When ten tokens of the word
were not available, all available tokens were used. When more than ten tokens were available, the ten
samples used were randomly selected. This last measure proved to be the best of the duration measures in
terms of predicting whether or not the word would be interrupted. Hence, the comparisons between
frequency and duration as predictors of interruption reported below use this measure.

Durations were measured by hand in Praat. The principal difficulty in measuring duration came
from cases in which the to-be-measured boundary fell between two stops or a stop and a pause. When a
word began with a stop preceded by another unreleased stop or silence, the beginning of the word was
taken to be the point at which the intensity track starts to increase sharply from the floor as shown in
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Figure 1 for the word trickles. In the case of a stop-final word, the midpoint of the preceding segment was
taken to be the end of the word.

/trklz/

Figure 1. Measurement of duration of stop-initial words (spectrogram with a superimposed
intensity track). Word boundaries are shown by the thick lines. The rightmost line shows the
actual end of the word while the next rightmost line shows the end of the word as measured for
the purposes of this study.

For the purposes of estimating word length in numbers of segments, affricates, diphthongs,
syllabic nasals and liquids and /3r/ were coded as single segments. This decision was made because cases

in which a diphthong was interrupted (e.g., [ha- haus1z], [03rzde- O3rzder]) and cases in which the schwa

was produced without the following sonorant (e.g., [mada- mada], [ive- ivon]) were exceedingly rare,
and there were no cases in which an affricate was interrupted.

Word frequency was operationalized as frequency of occurrence within the Switchboard Corpus,
the corpus under analysis in the present study. Since Switchboard consists of conversations on a limited
range of topics, frequencies within the corpus may not correlate very well with frequencies elsewhere in
the language. Since recent repetitions are likely to be more important for present behavior than earlier
repetitions, and since the production of a word may be more automatic when it is related to the topic of
conversation and therefore somewhat predictable, frequency within the corpus under analysis is still
arguably a more appropriate measure than frequency within some other corpus (e.g., Francis and Kugera
1982). Surface frequency rather than base frequency was used. That is, frequency was not aggregated
across different inflectional forms of a particular word. This decision is based on a regression analysis of
the effect of frequency on whether or not a to-be-repeated word is interrupted, which showed that surface
frequency was a better predictor of interruption than base frequency.

For the purposes of analysis, frequency was logarithmically scaled since ease of lexical access in
both perception (Howes & Solomon, 1951) and production (Oldfield & Wingfield, 1965) is correlated
with log frequency better than with raw frequency. The basic idea behind the log transform is that the
difference in frequency between a word that occurs only once in the corpus and a word that occurs ten
times is much more psychologically significant than the difference between a word that occurs 1000 times
in the corpus and one that occurs 1010 times. For 3-segment and 1-syllable words considered separately
the distribution of log frequencies is skewed, violating the assumptions of standard statistical tests. For
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this reason, frequencies were converted to ranks for the purposes of statistical tests involving the
subsamples of three-segment and one-syllable words.’

Analysis

In this section, we first establish that interrupted words that are interrupted and words produced
completely do in fact differ in token frequency, that longer words are more likely to be interrupted than
shorter words, and that the frequency difference remains when number of segments is controlled. We then
examine whether the speed of accessing the replacement can account for the results and establish that
interrupted words do not tend to be replaced by high-frequency words while words produced completely
are followed by low-frequency words. In the following section we confront the issue that the identity of
the replaced word needed to be guessed and show that interrupted replaced words, which I guessed, are as
frequent relative to their replacements as uninterrupted words, for which no guessing was involved.
Therefore, my guesses are argued not to be biased in favor of the hypothesis in that, even if wrong, they
tend to produce words that are as frequent as the interrupted words intended by the speakers. We then
address the possibility that errors that occur in low-frequency words are more severe and thus easier to
detect. Finally, we examine the interaction of frequency, interruptibility and duration, arguing that high
frequency of use does not just shorten words but also makes interruption dispreferred.

Frequency and Number of Segments

Figure 2 shows that the longer the replaced word, in terms of number of segments, the more
likely it is to be interrupted. The relationship between number of segments and likelihood of interruption
is well approximated by a logarithmic curve. Figure 2 also shows that words longer than four segments
are more likely to be interrupted than produced completely. In addition, it should be born in mind that
replacements involving only one segment and replacements in which the identity of the replaced word
could not be guessed are not included in the sample. As a result, Figure 2 is likely to underestimate the
true likelihood of interruption in replacement repair.

Figure 2 indicates that it is not the case that all words are created equal in terms of the interaction
of the Continuity Hypothesis (Clark and Wasow, 1998) with the Main Interruption Rule (Levelt, 1983,
1989). While in general, words are produced completely more often than they are interrupted in the
present sample (61% of all words in the sample are not interrupted), Figure 3 suggests that this is an
artifact of the fact that there are more short words than long words in the English lexicon. However,
between-word transitions can still be privileged locations of interruption relative to word-internal
segment-to-segment transitions. An eight-segment word maximally contains seven possible word-internal
locations for interruption and one between-word location. Thus, if 40% of all interruptions involving an
eight-segment replaced word occur in the between-word location, the between-word transition is
privileged relative to the word-internal transitions as a location for interruption, as shown in Figure 3.

Figure 3 confirms that the data in Figure 2 do not contradict the Continuity hypothesis. As
predicted by the Continuity hypothesis, for any word length, the between-word transition is a significantly
more common location for interruption than any one of the within-word transitions according to the chi-
square test (the closest contender among between-word transitions is the location after the third segment
in eight-segment words that hosts 18 interruptions relative to 27 cases in which an eight-segment word is
not interrupted; the difference is significant, ¥*(1)=7.2, p<.01). On the other hand, since many interrupted

cases of repair are not included in the sample because the identity of the interrupted word could not be

7 Rank conversion of a set of numbers (e.g., frequencies) involves arranging the numbers from the highest to the lowest and
replacing each number with its position in the sequence. For instance, if we have a sample of words that have frequencies of
1000, 2, 35, and 99, the corresponding ranks are 1, 4, 3, and 2 respectively. This is a standard way to deal with non-normal data.
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guessed, this result does not provide strong evidence for the Continuity hypothesis. For that, we will have
to turn to frequency effects.

100% - y = 0.4588Ln(x) - 0.2429
90% - R’ = 0.9494

Likelihood of Interruption

0% T T T T 1

3 4 5 6 7 8
Length (segments)

Figure 2. When a speaker intends to replace a word, s/he is more likely to interrupt it if it is long
than if it is short.®

100% ~
90% ~
80% - -
70% ~
60% - M
50% ~
40% ~
30% ~
20%
10% ~

0% —
Length of Remainder

Proportion of Interruptions

Length of Replaced

Figure 3. Interruptions are more likely to occur in a between-segment transition that spans a word
boundary than in any between-segment transition within a word. The proportions shown are out
of all interruptions involving replaced words of a given length. Thus, percentages within a bin
defined by length of the replaced sum to 1.

High-frequency words tend to have fewer segments and Figures 2-3 show that words that have
fewer segments are less likely to be interrupted. Therefore, for an effect of frequency on interruptibility to
be established, it needs to be shown that it holds when number of segments is controlled. This is shown in

8 Grouping the words by number of syllables rather than number of segments produces the same result.
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Figure 4. For each word length, replaced words that are interrupted tend to be lower in frequency than
words that are produced completely. The difference is statistically significant overall (in a multiple linear
regression that also included log number of segments, interruption was a significant predictor of
frequency, #(1746)=9.934, p<.0005; frequency is a significant predictor of interruption when frequency
and length are entered into a binomial logistic regression as covariates, p<.001), as well as for three-,
four-, five- and seven-segment words considered separately (for 3-segment words, #798)=7.821,
p<.00059; for 4-segment words, #(406)=4.092, p<.0005; for 5-segment words, #(190)=2.051, p=.042; for
seven-segment words, #(131)=2.131, p=.035). It is not significant for six-segment and eight-segment
words.

4- W interrupted words
kekesk
15 4 Owords produced completely
3
> keksk
S 25- *
>
g 2- *
[T
2 15
|
1 -
0.5 7
0-
3 4 5 6 7 8

Length (segments)

Figure 4. Words that are interrupted tend to be less frequent than words produced completely.
One star indicates significance at the .05 level in a two-tailed t-test. Three stars indicate
significance at the .005 level.

The data in Figure 4 support the hypothesis that high-frequency words are more cohesive than
low-frequency words and their production is more automatized than the production of low-frequency
words. However, alternative explanations are possible. The next section will consider an explanation
based on speed of accessing the replacement, the following section explores possible observer bias, the
one after that considers duration, and the one after that error detectability.

Frequency of the Replaced vs. Frequency of the Replacing

A possible alternative explanation is suggested by Biber et al.’s (1999) account of why frequent
words are more likely to be repeated than rare words. It is possible that words that replace interrupted
words are more frequent than words that replace uninterrupted words. If this were the case, interrupted
words would be interrupted because the more appropriate alternative would come to mind more quickly.
Assuming that the decision to interrupt production in single-word replacement repair is caused by
activation of a more appropriate word, this decision would then be made earlier when the replacement
word is frequent. And if the replaced word is rare and thus accessed slowly, the decision to replace the
word would be made shortly after it accessed, giving speaker more opportunities to interrupt its
production. Thus, this hypothesis predicts that interrupted words should be rarer relative to their

? For this analysis, frequencies were converted to frequency ranks as the distribution of log frequencies was highly skewed for
three-segment words.
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replacements than uninterrupted words without necessarily predicting a difference in absolute token
frequency between interrupted and uninterrupted words.

However, the data are inconsistent with this prediction. Not only is there an absolute frequency
effect in the data (as shown by Figure 4) but there is also no relative frequency effect. In order to derive
estimates of relative frequency, the (log) frequency of each replaced word was divided by the sum of (log)
frequencies of the replaced word and the corresponding replacement. Then mean relative frequency of
interrupted replaced words was compared to mean relative frequency of uninterrupted replaced words.
The mean relative frequency of interrupted words was .54 while the mean relative frequency of
uninterrupted words was .53. This non-significant difference (#(1029)<1, p=.4) is in the opposite direction
from the one predicted by the hypothesis.'® Figure 5 shows that words that replace interrupted words tend
to be less, rather than more, frequent than words that replace words that are produced completely.

4 - B words replacing interrupted words
O words replacing uninterrupted words

39 %%

Log Frequency of Replacement Word
[\

3 4 5 6 7 8
Length of Replaced Word (segments)

Figure 5. Words that replace interrupted words tend to be less frequent than words that replace
words that are produced completely. One star indicates significance at the .05 level in a two-tailed
t-test. Three stars indicate significance at the .005 level.

The reason for this result can be inferred from the data in Figure 6, which shows that the
frequency of the replacement is positively correlated with the frequency of the replaced. Thus, the
replaced and the replacement tend to be of similar frequency. This finding has also been observed in
studies of lexical substitution errors (DelViso et al., 1991; Harley and MacAndrew, 2001; Hotopf, 1980;
Silverberg, 1998). The correlation is very similar in magnitude to that obtained by Harley and
MacAndrew (2001) in their study of lexical substitution errors: r=.44 in the present study, compared with
r=.4 in Harley and MacAndrew (2001).

19 For the purposes of the analyses reported in this section, multiple-word replacements and replacement words shorter than 3 or
longer than 9 segments were eliminated to make the sample of replacements comparable to the sample of replaced words.
Because of this, the sample only contains 1030 tokens.
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Figure 6. The relationship between the frequency of the replaced and the frequency of the
replacement. A linear regression fit is shown as well as the diagonal for which the frequency of
the replaced and the frequency of the replacement are equal. The data show a significant positive
correlation between the frequency of the replaced and the frequency of the replacement. The fact
that fewer points are above the diagonal than below indicates that the replacement tends to be less
frequent than the replaced.

However, Figure 6 also shows that, unlike in studies of semantic substitutions, replaced words
tend to be more frequent than the replacement words in the present sample. The replaced was more
frequent than the replacing in 593 cases while the replacement was more frequent than the replaced in 428
cases. Thus, the replaced was more frequent than the replacement in 58% of the cases in which the two
differed in frequency. While the effect is small, it is significant in both the chi-square test and the paired
samples t-test (Xz(l):26.66, p<.0005; 1(1029)=7.307, p<.0005).

In order to make the data even more comparable to data obtained in studies of semantic
substitution errors, all cases in which the replaced was interrupted were then eliminated from the sample,
leaving 489 tokens. The frequency asymmetry was still observed. If anything, it became stronger: mean
frequency of the replaced was 436 words/million while mean frequency of the replacement was 193
words/million, #(488)=8.058, p<.0005; the replaced was more frequent than the replacement in 63% of the
cases, x°(1)=31.51, p<.0005. The correlation between the frequency of the replaced and the frequency of
the replacement was present as well (r=.38). Thus, the finding that the replaced tends to be more frequent
than the replacement cannot be due to inclusion of interrupted replaced words in the present study and
their exclusion from previous studies.

While Hotopf (1980: 100) and DelViso et al.’s (1991) report results that are in the same direction
(in Hotopf, 1980, 56% of intrusions are more frequent than the corresponding targets; 53% in DelViso et
al., 1991), albeit non-significant, Harley and MacAndrew (2001) do not. Furthermore, Harley and
MacAndrew’s (2001) sample is even larger than the present one (N=783 for Harley and MacAndrew
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2001", vs. N=489 here). Furthermore, mean word frequencies in the full sample of repairs (199 for the
replaced and 102 for the replacement) are similar to those in Harley and MacAndrew (2001) (153 and
165.5 respectively). It is possible that differences between methods of frequency estimation can account
for the discrepancy between the present study and Harley and MacAndrew (2001). Frequencies used in
Harley and MacAndrew (2001) are based on the written Brown Corpus (Francis and Kugera, 1982) and
the ones used here are based on the spoken Switchboard corpus (Godfrey et al., 1992). In addition to
being spoken, the Switchboard corpus also has the advantage of being larger than the Brown corpus, more
recent (the texts used in the Brown corpus were published in 1961), and being the same corpus as the one
from which the disfluency tokens are drawn.

Coder Bias

Identification of an interrupted replaced word necessarily involves guessing whereas
identification of a word that has been produced completely does not. Thus a possible explanation for why
interrupted words tend to be of lower frequency than uninterrupted words is that my guesses are biased in
favor of the hypothesis. That is, it is possible that I tend to come up with words that are lower in
frequency than the words the speaker intended to produce. As the results of the previous section show, the
frequency of the replaced word is correlated with the frequency of the replacement word. We can use this
finding to assess the hypothesis of observer bias. If the frequency of the interrupted replaced words is
lower relative to the corresponding replacement words than the frequency of the uninterrupted replaced
words is relative to their corresponding replacements, the hypothesis of observer bias would be
confirmed.

+ estimated fregquency of interrupted words if they are
assumedto be as frequent relative to their replacem ents
as uninterrupted words are relative to theirs
mean frequency of the guessed interrupte d words

3.5
3 - -
2.5
2_

15 4 /

‘1_

Frequency of the Replaced

0.5~

0 T T T 1

0 1 2 3 4
Frequency of the Replacement
Figure 7. Frequencies of replaced interrupted words can be objectively estimated from the
frequencies of the corresponding replacement words based on the relationship between the
frequencies of replaced words and replacement words observed with uninterrupted tokens. These
estimated frequencies of interrupted replaced words are then compared to the frequencies of
guessed interrupted replaced words. If guesses are biased in favor of low-frequency words, the
frequencies of guessed words would be lower than expected (the gray line would be below the
black line). The present figure shows that this is not the case.

" Inferred from the df of the t-test comparing semantic targets and intrusions (Harley & MacAndrew 2001: 408).
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First, the strength of the correlation between the frequency of the replaced and the frequency of
the replacement does not depend on whether the replaced word is interrupted (r=.39 when the word is
interrupted vs. .38 when it is not). More importantly, as Figure 7 shows, the replaced word, if anything,
tends to be more frequent relative to the corresponding replacement when I had to guess its identity than
when I did not. In other words, frequencies of guessed words are not lower than expected based on the
frequencies of the corresponding replacement words, contradicting the hypothesis of observer bias in
favor of low-frequency words.

The average frequency for interrupted words used in the sample (and guessed by me) was 47.5
words/million while the average estimated frequency based on the relationship between the frequencies of
replaced uninterrupted words and the corresponding replacements was 46.5 word/million. Thus, the
hypothesis that the difference in frequency between replaced and replacement words are due to observer
bias is disconfirmed.

Erroneous vs. Suboptimal Choices and the Main Interruption Rule

Replacement repair does not always involve an outright speech error. Levelt (1983, 1989)
proposed that repairs involving speech errors are very different from repairs that involve lexical choices
that are considered suboptimal but not erroneous by the speaker. Levelt (1989: 481) proposes that “words
that are not errors themselves tend to be completed before interruption... By interrupting a word, the
speaker signals to the addressee that the word is an error. If a word is completed, the speaker intends the
listener to interpret it as correctly delivered.” Levelt (1983: 63) shows that in his corpus, 32% of
immediate repairs of erroneously uttered words (91/284) involve interrupting the word, while only 11%
of immediate repairs of suboptimal lexical choices involve interruption of the repaired (20/175).
Furthermore, there is evidence that semantic substitution errors are more likely to involve low-frequency
words than high-frequency words (Harley & MacAndrew, 2001). If high-frequency replaced words are
more likely to be merely inappropriate rather than erroneous low-frequency replaced words, the frequency
effect observed in the present study could be ascribed to the error severity effect observed by Levelt. (Of
course, this argument cuts both ways. One could also argue that the error severity effect is a frequency
effect in disguise.)

For maximum coding reliability, only instances of repair in which the replaced was not
interrupted were analyzed. There was no tendency for repairs involving speech errors to involve less
frequent words than repairs involving suboptimal lexical choices. The results are shown in Table 1. No
differences in frequency between erroneous and suboptimal words are significant. Thus, we can reject the
hypothesis that high-frequency words are less likely to be interrupted because they are less likely to be
uttered in error for the present sample.

Length Erroneous Words Suboptimal Words
3 3.42 3.35
N=107 N=112

4 2.62 2.63

N=41 N=67
5 2.26 2.34

N=8 N=18
6 2.05 2.00

N=14 N=13

Table 1. Log frequencies of uninterrupted replaced erroneous vs. suboptimal words: erroneous
words do not tend to be less frequent.
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In addition to the problem of accounting for the present data, the hypothesis that high-frequency
words are less likely to be interrupted than low-frequency words because high-frequency words are less
likely to be produced as errors runs into problems with Logan’s (1982) data. In his study, replacement
was triggered by an external stop signal, rather than erroneous or inappropriate production. Nonetheless, a
frequency effect was present.

A way to maintain the Main Interruption Rule (Levelt, 1983, 1989), which states that the speaker
interrupts speech production as soon as the occasion for repair is detected, in the face of the present data
would be to say that speakers are slower to detect that a high-frequency word is wrong or inappropriate
than they are to detect the incorrectness of a low-frequency word. However, this hypothesis cannot
account for Logan’s (1982) experimental data where there is no error to be detected.'” To account for why
‘the’ is typed completely after the stop signal is presented while less frequent words are truncated without
invoking a preference to maintain constituent continuity would be to say that the detection of the stop
signal is slowed down when a high-frequency word is being produced. It is not clear why this should be
the case. If anything, production of a high-frequency word should be less taxing and demand fewer
cognitive resources than the production of a low-frequency word, leaving more cognitive resources free to
be used in perceiving the stop signal. Thus, if anything, we would predict the perception of the stop signal
to be faster while a high-frequency word is being produced than while a low-frequency word is under
construction.

Frequency and Duration

There is a strong negative correlation between word frequency and word duration (r = -.72 in the
present sample), which remains even when number of segments is controlled (in the present sample, r = -
.63 for three-segment, -.55 for four-segment, -.53 for six-segment, -.35 for seven-segment, and -.65 for
eight-segment uninterrupted replaced words; no correlation is observed for five-segment words, r=-.04).
Thus, frequent words tend to be shorter than rare words even when number of segments is controlled (as
previously found in corpus studies by Gregory et al., 2000, and Jurafsky et al., 2001). This finding is
predicted by the hypothesis that high frequency leads to automatization of production but it suggests that
the effect of frequency on interruptibility may be accounted for by the effect of frequency on duration.

frequency

time

word onset word end

interruption

Figure 8. A model in which the only variable affected by frequency is word duration. Time since
word onset is indicated by the thick line. Vertical lines mark important points in time, such as the
end of the word and the location of interruption. The arrows attached to a vertical line indicate the
extent to which variation in frequency can influence the location of the vertical line. In this
model, the only point in time whose location is influenced by frequency is the end of the word,
which can fall after or before the fixed location of interruption.

2 One could claim that the ‘error’ being detected is the fact that production is still continuing. Then one could say that detection
of this fact is more difficult when the word being produced is more frequent. However, this would mean that the production of
high-frequency words is less cognitively penetrable than the production of low-frequency words, which is precisely the claim of
the automaticity hypothesis.
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The simplest model of the effect of frequency on interruptibility is that there is no effect. How
long it takes a speaker to reach and carry out the decision to interrupt a word is independent of frequency.
Rather, all that frequency influences is word duration. As Figure 8 shows, the location of interruption
relative to the onset of the word is fixed in this model. The only variable affected by frequency is the
duration of the word. When frequency is low enough, the word becomes so long that the decision to
interrupt speech is carried out before the word is produced completely.

Under this model, words are interrupted only if they are sufficiently long. Therefore, there should
be no difference in duration between the remainders of interrupted replaced words and uninterrupted
replaced words. This is not the case in the data. Overall, remainders of interrupted words (mean duration
= 217 ms) are shorter than uninterrupted replaced words (mean duration = 316 ms): #(1136)=15.97,
p<.001. Figure 9 shows the results broken down by the length of the replaced in segments. This result
indicates that interruption comes earlier in time, relative to the beginning of the to-be-replaced word,
when the word is interrupted than when it is not, contrary to the predictions of the model in Figure 8.
Thus, there is something about uninterrupted words that delays interruption when these words are
produced. This is consistent with Logan’s (1982) results regarding the very frequent word ‘the’: while
typers took less time to type ‘the’ than other words, the hypothesis that the difference in typing speed
accounted for the result was ruled out because the time it took typists to stop while producing ‘the’ was
longer than the time it took them to stop while producing other words.

200 - W interrupted words
Owords produced completely
600 *koksk

500 A ok ok

400 *
kesksk

300 A
ek sk

200 A

100 4

3 4 = & 7 3
Length (segments)

Figure 9. Remainders of interrupted words are shorter than uninterrupted replaced words.

An objection that could be raised to our interpretation of the data in Figure 9 is that the coder
could sometimes erroneously code words that are interrupted very late during their production as
uninterrupted. This is presumably not a problem with Logan’s (1982) data because typing involves a
discrete response while speech is continuous and involves extensive co-articulation (e.g., Coleman, 2003;
Ohman, 1966), which means that the cues for the final segment can be present much earlier in the word.
Furthermore, there may be more coarticulation in high-frequency words than in low-frequency words
(Yun, 2006). This is in fact suggested by the data in Figure 3 where the probability of interrupting the
word drops off just before the word is completed.
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However, the data in Figure 3 can be interpreted in multiple ways, including misperception, a
tradeoff between the speaker’s desire not to interrupt the word and the desire to interrupt as soon as
possible, and generally early detection of errors with interruption being sometimes delayed until the end
of the word. In addition, within-word interruption is reliably accompanied by a particular cue, the
presence of glottalization (Ladefoged et al., 1973). There was very little disagreement between the present
author and the Switchboard corpus coders (only 31 words were eliminated based on this criterion). In
addition, the word lengths for uninterrupted words used in the present study do not include the word-final
segment. It is highly unlikely that the coders would have coded a word as uninterrupted without
perceiving the final segment. Finally, the correlation between word duration and frequency is negative.
Therefore, if we were to project the durations of the remainders of interrupted words from the relationship
between frequency and duration found in uninterrupted words, we would expect durations of remainders
of interrupted words to be longer than the durations of uninterrupted words because the frequencies of
interrupted words are lower than frequencies of uninterrupted words.

The data presented so far are sufficient to reject the simple model in Figure 8. The differences in
duration between the remainders of interrupted and uninterrupted words are too great to be ascribed to
differences in duration between the corresponding complete words. However, the data presented thus far
and Logan’s (1982) results for typing ‘the’ are consistent with the model is shown in Figure 11. This
model relies on the assumption that the closer the speaker is to the end of the word when s/he reaches the
decision that the word is to be replaced, the less likely s/he will be to stop immediately. One can think of
the speaker as choosing the better of two evils: to stop immediately, interrupting a cohesive constituent, or
to continue producing material that will need to be replaced. In other words, the speaker can be thought of
as choosing between violating the Continuity hypothesis (Clark & Wasow, 1998) vs. violating the Main
Interruption Rule (Levelt, 1983, 1989). The smaller the amount of material that remains to be produced to
avoid interrupting the word, the more likely the speaker is to choose producing the word to the end. Since
frequency influences word duration, the amount of material that needs to be produced to complete the
word will be smaller in a high-frequency word than in a low-frequency word.

likelihood of stopping

frecquency

L J

|

H\_‘_‘————\_

time

word onset word end

interruption decision

Figure 11. A model in which likelihood of interrupting the speech stream immediately is lower if
the amount of material that remains to be produced or time that it takes to complete the word is
small. The likelihood of stopping immediately is shown by the height of the curved line. The
higher the curve at a certain point in time, the higher the likelihood that the word will be
interrupted immediately if the decision to interrupt is made at that point in time. In this model, the
closer a speaker is to the end of the word, the less likely s/he is to interrupt speech production
immediately. Word duration is influenced by frequency, so a speaker is more likely to be close to
the end of the word when deciding to interrupt speech production if the word is frequent than if it
is rare. Thus, in a frequent word, the interruption decision is likely to occur at a point when
likelihood of stopping immediately is low.
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An alternative model is presented in Figure 12. Here, the speaker’s reluctance to interrupt a word
is simply greater if the word is frequent than if the word is rare, regardless of how much linguistic
material remains to be produced and how much time it would take to complete the word. There may be
an effect of duration but frequency has an effect on likelihood of stopping that is independent of duration.

likelithood of stopping

fresuaency

t..
L J

titne

word onset ) ~ wordend
interruption decision

Figure 12. A model in which interruption is dispreferred in frequent words. Frequency in this
model influences both the duration of the word and the likelihood of stopping immediately if the
interruption decision is reached during word production as indicated by the arrows being attached
to the curve indicating likelihood of stopping immediately (the curve is not crucial for this model
and could be replaced by a horizontal line).

The difference between the two models lies in whether frequency has any effect on interruption
when duration is controlled (both models can account for an independent effect of duration since duration
is uncontroversially influenced by factors other than frequency such as speaking rate and number of
segments). In order to examine this issue, a binomial logistic regression was conducted. Duration,
frequency, and number of segments were entered into the analysis as covariates. Number of segments was
subsequently excluded because it was not statistically significant as a separate predictor. Thus, the
analyses presented below included only duration and frequency as covariates. Both were significant at the
.0001 level on the full sample. The sample was then split by number of syllables so that monosyllabic and
multisyllabic words were submitted to the regression analysis separately. Both frequency and duration
were significant in both analyses. Frequency was significant with p=.001 for multisyllabic and p<.0001
for monosyllabic words. Duration was significant with p=.014 for multisyllabic and p=.01 for
monosyllabic words, N=717 for multisyllabic words, N=1032 for monosyllabic words. Thus we can
tentatively conclude that frequency has some effect on interruptibility that is not mediated by the effect of
frequency on duration."

Conclusion

When a speaker intends to replace a word s/he has started producing, s/he has the choice of
stopping immediately, obeying Levelt’s (1983) Main Interruption Rule, or delaying interruption until the
word is completed, obeying Clark and Wasow’s (1998) Continuity Hypothesis. The present study has
argued that the speaker’s choice is influenced by word duration and word frequency. Speakers prefer not

13 A necessary caveat for this conclusion is that our estimates of frequency and duration are imperfect. The full model achieved
only 61% accuracy in predicting whether the word was broken when the word was multisyllabic and 75% accuracy when the
word was monosyllabic, suggesting that there is much room for improvement in modeling interruptibility. Perhaps, frequency
would not account for any variance that duration does not account for as well if our estimate of duration were better. However,
the fact that including number of segments or number of syllables as an additional predictor does not reduce the significance of
frequency suggests that this is unlikely.
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to interrupt high-frequency words. This effect provides novel empirical support for the hypothesis that the
production of high-frequency words is more automatic, being both faster and less susceptible to conscious
control than the production of low-frequency words (Bybee, 2002; Logan, 1982). Thus Bybee’s (2002)
hypothesis that reductive sound change starts with high-frequency words because the production of such
words is more automatic is at least psychologically plausible. In addition, the present study found that
speakers tend to replace suboptimal lexical choices by less frequent but more appropriate words,
supporting the idea that high-frequency words are accessed faster than low-frequency words (e.g.,
Jescheniak and Levelt, 1994). Thus, frequent words are easier to access, faster to produce, and harder to
interrupt than rare words.
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Development of Lexical Connectivity in Pediatric Cochlear Implant Users

Abstract. The present study examined the performance of pediatric cochlear implant
(CI) users on easy (high frequency words from low density neighborhoods) and hard
(low frequency words from high density neighborhoods) words on the monosyllabic
Lexical Neighborhood Test (LNT) and Multi-syllabic Lexical Neighborhood Test
(MLNT). The easy—hard effect (the superior performance on easy words compared to
hard words) increased slightly on the LNT for Oral Communication (OC) users but not
for Total Communication (TC) users as lexicon size increased. The easy—hard effect
was invariant as a function of lexicon size for both OC and TC users on the MLNT.
Similarly, the word length effect (the superior performance for long words on the MLNT
compared to short words on the LNT) did not vary as a function of lexicon size for either
OC or TC users. The size of the easy—hard effect was not correlated with the size of the
word length effect for either class of users. When lexicon size was controlled for, OC
users performed better on both the LNT and MLNT than did TC users. These results
were discussed in terms of how the mental lexicon of CI users develops over time and
the role of lexical connectivity in spoken word recognition.

Introduction

Because traditional word recognition tests underestimate the ability of hearing impaired children
to comprehend spoken words, Kirk, Pisoni, and Osberger (1995) developed two new spoken word
recognition tests, the Lexical Neighborhood Test (LNT) and the Multisyllabic Lexical Neighborhood
Test (MLNT). Both tests involve open-set identification of words spoken in isolation (but see Eisenberg,
Martinez, Holowecky, & Pogorelsky, 2002 for an extension of these tests to recognizing words in
sentences). The LNT uses only monosyllabic words; the MLNT uses two and three syllable words.

Two major criteria were used when selecting items from the test. First, each word used in the test
should have a relatively high probability of being in the child’s lexicon. Kirk et al. (1995) noted, for
example, that fewer than 1/3 of the words on the commonly used Phonetically Balanced Kindergarten
(PB-K) test are found in Logan’s (1992) computational analyses of the CHILDES database
(MacWhinney & Snow, 1985). A child could, in theory, accurately reproduce an unknown word, if all
the word’s phonetic details are accurately perceived. If, however, the child perceives only some
information for a portion of the word, then he/she needs to make an educated guess concerning what the
word is. That educated guess is likely to be confined to words in the child’s lexicon and not to include
words unfamiliar to the child. The result would be lower scores on a test containing a higher proportion
of words unknown to the child. To avoid this bias, in their new tests, Kirk et al. used only words
produced by children from 3 to 5 years of age (Logan, 1992).

Second, Kirk et al. (1995) selected their test words in accordance with the assumptions of
prevailing theories of spoken word recognition (Auer & Luce, 2005; Luce & Pisoni, 1998, Marslen-
Wilson 1987, 1989; McClelland & Elman, 1986; Norris, 1994). In particular, they included in each of
their test sets, two types of words—some predicted by these theories to be easy and some predicted to be
hard. Words with a high frequency of occurrence in the language (e.g., Kucera & Francis, 1967) are
typically easier to recognize than words with a lower frequency of language (e.g., Andrews, 1989; Elliot,
Clifton, & Servi, 1983; Howes, 1957; Pollack, Rubenstein, & Decker, 1959; Savin, 1963). In addition,
words phonetically similar to few other words are generally easier to recognize than words phonetically
similar to many other words (e.g., Luce & Pisoni, 1998; McClelland & Elman, 1986; Treisman, 1978a,
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1978b; Vitevitch & Luce, 1999). The single phoneme Deletion, Addition, and Substitution (DAS) rule is
frequently used to operationally define phonetic similarity (Eukel, 1980; Greenberg & Jenkins, 1964;
Landauer & Streeter, 1973). Two words are considered phonetic neighbors (and hence phonetically
similar to one another) if one can be changed into the other by the deletion, addition, or substitution of a
single phoneme. Words with many neighbors are said to come from high density neighborhoods; those
with fewer neighbors to come from low density neighborhoods. The finding that words from low density
neighborhoods are easier to recognize than words from high density neighborhoods is referred to as the
neighborhood density effect.

The word frequency effect and the neighborhood density effect are both compatible with the
general predictions of several current models of spoken word recognition (e.g., Luce & Pisoni, 1998,
Marslen-Wilson 1987, 1989; McClelland & Elman, 1996; Norris, 1994, Treisman, 1978a). Indeed, they
are two fundamental facts which such models must account for. The Neighborhood Activation Model
(NAM) of Luce and Pisoni (1998), for example, assumes that a spoken word activates its representation
in the mental lexicon and also the representations of its phonetic neighbors. A probabilistic decision rule
is then used to select among the activated representations. The activation levels themselves are adjusted
multiplicatively by the word’s frequency of occurrence, biasing the recognition process towards more
common words.

In developing their LNT, Kirk et al. (1995) selected half of their words to be “easy” and half to
be “hard.” Easy words were a) above the median frequency of usage in Logan’s (1992) corpus of the
speech of 3 to 5 year olds, and b) below the median neighborhood density in Logan’s corpus. Hard
words, in contrast, were below the median frequency of usage and above the median neighborhood
density. Words in the LNT were restricted to monosyllabic words. Similarly, in the MLNT, easy words
were words above the median frequency of usage for multisyllabic words and below the mean
neighborhood density for multisyllabic words. Hard words were below the median frequency and above
the median neighborhood density for multisyllabic words. Words in the MLNT were restricted to
multisyllabic words.

Note that because monosyllabic words tend to be used more frequently and come from higher
density lexical neighborhoods (Gruenenfelder & Pisoni, 2005) than multisyllabic words, the cutoff values
used in the LNT differed from those used in the MLNT. In particular, for monosyllabic words, the
median frequency in the Logan (1992) corpus was four occurrences and the median density was four
neighbors. These were the cutoff values used in constructing the LNT. In contrast, for multisyllabic
words, the median frequency was two occurrences and the median density was zero neighbors, and these
were the cutoffs used in constructing the MLNT.

Not surprisingly, at least in open-set tests, when lists constructed in this manner are used, easy
words are recognized more easily by normal hearing adults than hard words (e.g., Sommers, Kirk, &
Pisoni, 1997). Sommers et al. found the same result for CI users who were apparently deafened as adults
and were implanted as adults. Kirk, Pisoni, and Miyamoto (1997) found similar results with mildly to
moderately impaired adult listeners. Similarly, normal hearing children listening to amplitude-reduced
speech, normal hearing children listening to spectrally degraded stimuli, and hearing impaired children
using Cls are better able to recognize easy words than hard words, both when the words are spoken in
isolation and when they are part of a meaningful (though not overly semantically constrained) sentence
(Eisenberg, Martinez, Holowecky, & Pogorelsky, 2002). Bell and Wilson (2001) reported similar results
for normal hearing adults listening to sentences in noise. These findings replicate the word frequency and
neighborhood density effects mentioned above.
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More significantly, Kirk et al. (1995) found a similar easy-hard effect in hearing impaired
children using cochlear implants. Pediatric cochlear implant (CI) users more accurately identified easy
words than hard words in both the LNT and the MLNT. In addition, a word length effect was also found:
pediatric CI users performed better on the MLNT (multisyllabic words) than on the LNT (monosyllabic
words). Similar results were found by Kirk, Eisenberg, Martinez, and Hay-McCutcheon (1999). Kirk et
al. (1995) interpreted the easy-hard effect to mean that CI users, like normal hearing adults, organize
their mental lexicon into similarity neighborhoods of words and that they use this organization when
identifying spoken words.

The present paper uses the LNT and MLNT developed by Kirk et al. (1995) to address three
different issues. The first concerns the “representational specificity” of the phonetic categories used by
pediatric CI users when recognizing spoken words. To the extent that CI listeners use relatively broad
phonetic categories, we might expect relatively robust easy-hard effects. In a test involving the
recognition of isolated words, broad phonetic categories force the CI user to make educated guesses
concerning the identity of each test word based on what amounts to limited phonetic input. Given an easy
word—a high frequency word with few neighbors—that guess is relatively likely to hone in on the
correct word. In the case of an easy word, there are, in effect, fewer phonetically similar distractors
competing for recognition. If the guess is primarily confined to the actual word’s neighbors, then the
fewer the neighbors, the more likely is the guess to be correct, resulting in an easy-hard effect. Further, to
the extent that the CI user is biased towards guessing higher frequency words (cf. Luce & Pisoni, 1998),
easy words are more likely to be guessed correctly than hard words, resulting in an even larger easy-hard
effect.

Over time, as phonetic representations become more refined and detailed, such educated
guessing is less necessary, and the easy-hard effect should thus become smaller. In fact, if the phonetic
categories were fine enough to discriminate all the words in the CI user’s mental lexicon, then
performance for both easy and hard words would be at ceiling and no easy-hard effect would occur.
Exactly such a phenomenon is evident with normal hearing listeners. These listeners perform near ceiling
on isolated words heard in the clear, i.e., at high Signal-to-Noise ratios. Only when the words are spoken
in noise or are distorted in some way does the easy-hard effect emerge (e.g., Sommers et al., 1997). This
reasoning suggests that the easy-hard effect should be relatively large shortly after the listener has
received a CI (but long enough after so that the CI user is adequately perceiving some phonetic
information) and then gradually diminish as the CI user gains experience with the device. Accordingly,
the first purpose of the present paper was to examine the development of the easy-hard effect as a
function of the time after implant.

Consistent with this reasoning, Eisenberg et al. (2002) found a somewhat larger easy-hard
difference in a group of low performing CI users (N = 3) than in a group of high performing CI users (N
= 9). However, the sample sizes were small. Consequently, no statistical analyses comparing the two
groups were performed and the difference between groups is unlikely to have reached statistical
significance if such analyses had been performed. Eisenberg et al. did find a larger easy-hard effect for
normal-hearing children listening to spectrally degraded speech (The speech was reduced to four spectral
channels.) than for normal-hearing children listening to speech in the clear albeit at reduced intensity (25
and 30 dBA). Overall, percent correct for children listening to intensity-reduced speech was higher
(~65% correct) than for children listening to spectrally-degraded speech (~55% correct), suggesting that
the latter group was extracting broader phonetic categories from the stimuli than was the former group.
This finding is consistent with the hypothesis above that easy-hard effects should become smaller as
phonetic information becomes more refined. On the other hand, the high performing CI users in
Eisenberg et al.’s study showed an easy-hard effect of the same magnitude as the children listening to
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intensity-reduced speech, even though their overall performance level was considerably higher (~85%
correct).

An alternative view suggests a quite different time course of the development of the easy-hard
effect. At early test intervals after receiving an implant, CI users’ mental lexicon of spoken words may
be quite small. When the mental lexicon is small, performance on these tests is likely to be relatively
poor, simply because the child does not know many of the words on the tests. Further, because the
lexicon is small, statistically any given word is unlikely to have many neighbors and hence no
neighborhood density effects emerge. As the lexicon grows, words acquire neighbors and neighborhood
density effects begin to emerge. The result should be that, to the extent that the easy-hard effect is at least
partially due to neighborhood density (and not entirely to word frequency), the easy-hard effect should
grow over time, until easy words begin to reach ceiling and the hard words catch up. Another way of
stating this prediction is that over time, performance on easy words should improve faster (until it
reaches ceiling) than performance on hard words, and, to the extent that the LNT/MLNT difference also
reflects neighborhood density, performance on the MLNT should improve faster than performance on the
LNT.

A second issue addressed in this paper concerns the origin of the word length effect. There are at
least two possible reasons why multisyllabic words are recognized more easily than monosyllabic words
by CI users (as well as by normal hearing adults). First, CI users may be sensitive to word length, in
terms of number of syllables, as a word recognition cue. More specifically, it may be easier for them to
extract word length information from a spoken word than it is to extract fine phonetic information. Given
partial phonemic information, word length may help CI users choose one lexical representation from
among several competing representations. That is, if the listener knows the word contains two syllables,
then any competing representations of monosyllabic or trisyllabic words can be eliminated.

The second possible reason for the word length effect concerns differences in neighborhood
density of the words used in the MLNT and LNT. In Logan’s (1992) corpus, multisyllabic words tended
to have fewer neighbors (and to occur with lower frequency) than monosyllabic words. (Similarly, if a
lexicon more representative of that of college students is used, for example, Nusbaum, Pisoni, & Davis,
1984, multisyllabic words have fewer neighbors and a lower frequency of occurrence than do
monosyllabic words.) For monosyllabic words, the median number of neighbors in Logan’s corpus was 4
(range 0 — 19). The median frequency of occurrence was also 4 (range 1 — 519). In contrast, for
multisyllabic words, the median number of neighbors was O (range 0 — 7). The median frequency of
occurrence was 2 (range 1 to 100). To the extent that the effects of neighborhood density are stronger
than those of word frequency, the word length effect may occur not because CI users are sensitive to
word length but because MLNT words come from less dense neighborhoods than do LNT words and are
therefore less confusable with other phonetically similar words.

To summarize, the word length effect may be due to CI users’ sensitivity to the syllabic structure
of words or it may be due to neighborhood density differences between shorter and longer words. We
made a preliminary attempt to disentangle these two hypotheses by comparing the time course of
development of the easy-hard effect with that of the word length effect. To the extent that these time
courses parallel one another, the hypothesis that both effects are due to the same underlying variable is
supported. To the extent that the two effects develop with different time courses, the hypothesis that they
have different causes—viz. neighborhood density for the easy-hard effect and number of syllables for the
word length effect—would be supported.
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We realize that this test is less than ideal, especially given that MLNT words have lower
frequency of occurrences than LNT words, which should work against a word length effect.
Nevertheless, we think that this approach could provide at least a starting point in better understanding of
the word length effect.

The third issue we explored in the current paper concerned the effects of early experience on
spoken word recognition in deaf children with CIs. More specifically, we examined differences in the
structure of the mental lexicon of oral communication (OC) CI users and total communication (TC) CI
users. Although Kirk et al. (1995) used both types of users in their original report, they did not report
results separately for the two groups. We might expect that TC users extract broader phonetic categories
from the acoustic stimulus than do OC users, simply because TC users rely more on non-phonetic cues
for understanding language than do OC users. If so, then TC users should show larger easy-hard effects
than do OC users. Alternatively, it may be that TC users organize their mental lexicons in an entirely
different manner than normal hearing adults and OC CI users. What is phonetically similar to TC users
may not be phonetically similar to OC users, and vice versa. In that case, we might expect to see a greatly
reduced easy-hard effect in TC users.

Method
Participants

The participants were 138 children receiving services at the Indiana University Medical Center
who had provided informed consent allowing the use of their test results for research purposes. Different
analyses included different subsets of these 138 participants. Hence, this group is referred to as the
master group. All participants had Cls and all test results reported here were collected after the implant
had been received. Testing was done as part of the participant’s regular post-implant clinical
appointments. Most children were tested during multiple appointments, each appointment being
approximately an integer multiple of 6 months post-implant. A test interval of 0 corresponds to as near as
possible immediately after implant, a test interval of 1 to 6 months post-implant, a test interval of 2 to 12
months post-implant and so on. Table 1 shows some characteristics of the participants. Ninety of the
participants were users of Oral Communication (OC) and 48 were users of Total Communication (TC).

Mean SD

(mos.) (mos.)
Age at Onset 6.45 19.22
Age at Implant 47.20 26.50
Age at First Test Interval 92.47 32.11

Table 1. Characteristics of the master group of 138 participants.

Procedure

Each child received a battery of tests at each interval. The tests a particular child received at a
given interval were not necessarily the same as those received by another child at the same interval, nor
were they necessarily the same as those that child had received at the previous interval. We created a
master file by selecting all intervals for each child in which the child had received the LNT test. At no
interval did a child receive the MLNT without also receiving the LNT. Hence, this procedure includes all
the LNT and MLNT data collected from these children. Since most children received the LNT at multiple
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test intervals, most contributed multiple data points in this master file. The master file included data from
443 test intervals across the 138 children. Hence, the mean number of intervals on which each child was
tested was 3.22 (S.D.=1.91). The mean interval after implant at which testing occurred was 9
(S.D.=4.47).

Appropriate subsets of data were then selected from this master file according to the specific
hypotheses being tested. For example, when testing a hypothesis involving only LNT scores, data from
all 443 test intervals were included. In contrast, when testing a hypothesis concerning the relation of LNT
and MLNT scores, only those test intervals were included where a child had contributed both LNT and
MLNT scores. The specific subsets of data included in each analysis are described in the results section.
The general procedures for administering the LNT and MLNT at the Indiana University Medical Center
are described in Kirk et al. (1995).

Results
Changes in the Easy-Hard Effect with Lexicon Size

The first issue that we investigated concerned changes in the easy—hard effect as a function of
the size of the child’s lexicon. Overall performance on the LNT was used as a measure of lexicon size.
Figure 1 is a scatter plot of the easy-hard effect as a function of overall LNT percent correct. When all
samples from our master group were included, the size of the easy-hard effect correlated positively with
LNT performance, r = 0.28, #(441) = 6.13, p <.001, indicating that as the child’s lexicon grew so did the
easy-hard effect. This analysis, however, is susceptible to ceiling and especially floor effects. A child
with no lexical knowledge at all would score 0% on the LNT, showing an easy-hard effect of 0. In
contrast, a child with some lexical knowledge would show a positive easy-hard effect. Mixing scores
from two such populations would result in an overall positive correlation between the easy-hard effect
and LNT performance.

Easy-Hard Effect as a Function of LNT Performance
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Figure 1. Size of the easy-hard effect as a function of percent correct on the LNT.

To control for floor and ceiling effects, we repeated the correlational analysis after first
eliminating all tests in which the child scored 20% or less on the LNT (a total of 73 tests) and all tests in
which the child scored above 80% correct on the LNT (a total of 12 tests). These corrections reduced the
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correlation to 0.11. Although statistically significant, #(356) = 2.09, p <.05, the correlation is quite small
and explains less than 1.25% of the total variance. Essentially, this result suggests that the size of the
easy-hard effect is not correlated with overall LNT performance.

To help ensure that we were not missing a more subtle relation between the easy—hard effect
and overall LNT performance, we selected from our master group all test intervals in which overall LNT
performance was 21-40% correct (N=96), all those in which overall performance was 41-60% correct
(N=142), and all those in which overall performance was 61 —80% correct (N=120). Figure 2 plots
performance on LNT easy words and LNT hard words for these three performance intervals. The easy-
hard effect for these three performance intervals was 13.38, 15.42, and 17.93, respectively. An analysis
of variance showed that the increase in the effect with performance interval was reliable, F(2, 355) =
3.19, p <.05. Individual 7 tests showed that the easy-hard effect was smaller in the 21-40% correct group
than in the 61-80% correct group, #(214) = 2.62, p <.01. All other pair-wise comparisons were non-
significant.

Easy-Hard Effect as a Function of LNT Performance
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Figure 2. The easy—hard effect as a function of LNT performance interval.

The easy-hard effect is not, of course, arithmetically independent of the LNT Percent Correct,
since the overall percent correct is simply the mean of the percent correct on easy words and the percent
correct on hard words. Therefore, we also examined the relation between the easy-hard effect and
performance on a different measure of lexicon size, PPVT raw scores. We first selected from our master
group of 453 test intervals, the 358 on which the child had scored between 21 and 80% correct, inclusive,
on the LNT. From this group, we then selected for additional analyses the 350 test intervals for which
PPVT scores were also available. The overall correlation between LNT percent correct and PPVT raw
scores was 0.177. Although statistically significant, #(348)=3.35, p <.001, the magnitude of the
correlation is surprisingly low given that both tests purport to measure the size of a child’s vocabulary.

Figure 3 shows a scatter plot of the easy—hard effect as a function of PPVT performance. The
correlation between PPVT raw score and the size of the easy—hard effect was 0.116, #348) = 2.18, p
<.05. To further examine this effect, test records were divided into four sub-groups based on overall
PPVT performance. The bottom 25 percent of records, based on PPVT performance, were assigned to
Quartile 1, records in the next poorest performing 25% were assigned to Quartile 2, and so on, with the
restriction that when the same PPVT score occurred in multiple test records, those records could not be

194



DEVELOPMENT OF LEXICAL CONNECTIVITY

split across quartiles. The number of records in Quartiles 1-4 was 88, 90, 85, and 87, respectively. The
mean PPVT raw score for Quartiles 1-4, respectively, was 40.35, 63.34, 83.99, and 125.39. Figure 4
shows percent correct on LNT easy words and LNT hard words as a function of PPVT quartile. The
easy-hard effect for the four quartiles was 13.68, 14.00, 15.98, and 18.67, a significant increase across
quartile, F(3,346) = 2.66, p < .05. Individual t-tests revealed that the easy-hard effect was significantly
smaller in both Quartiles 1 and 2 than in Quartile 4, #(173) = 2.65, p < .01, and #(175) = 2.40, p <.02,
respectively. The overall results of the PPVT analysis agree with the results of the overall LNT
performance analysis. There is a small but statistically significant increase in the easy-hard effect as
vocabulary size increases.

Easy-Hard Effect as a Function of PPVT Performance
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Figure 3. Scatter plot of the LNT easy—hard effect as a function PPVT raw score.
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Figure 4. Percent correct on LNT easy and LNT hard words as a function of PPVT raw
score performance quartile.
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We also examined the easy-hard effect on the MLNT. Our master file of 443 test intervals
included 213 on which the child was tested on the MLNT. Eighty-one individual children contributed
these data. Figure 5 shows a scatter plot of the easy-hard effect on the MLNT as a function of overall
performance on the LNT. Analyzing only those test intervals on which the child scored between 21% and
80% correct (N=162), inclusive, on the MLNT, we found no significant correlation between the MLNT
easy-hard effect and overall performance on the LNT, r = -0.052, 1(160) = -0.66.>
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Figure 5. Scatter plot of the easy-hard effect as a function of overall percent correct on the LNT.

Figure 6 shows MLNT performance separately for easy words and hard words, broken down into
four quartiles based on LNT performance percentile, with the restriction that test records with identical
LNT scores could not be assigned to overlapping quartiles. An analysis of variance found no significant
change in the easy-hard effect across these four performance intervals, F(3, 158) = 1.34. The MLNT
easy-hard effect across the four quartiles, from lowest LNT performance to highest, was 15.32 N=40),
14.08 (N=39), 11.45 (N=40), and 19.05 (N=43).

We also analyzed the MLNT easy-hard effect contingent on PPVT performance in a manner
similar to the analyses done for the LNT data. There were 158 test intervals for which both MLNT and
LNT data were available. As was the case for the LNT data, the correlation between PPVT raw scores
and MLNT percent correct was small but statistically significant, r = 0.189, #(156) = 2.40, p <.02. The
MLNT easy-hard effect did not significantly correlate with PPVT performance, r = 0.103, t(156) = 1.29.
An analysis of variance of the easy—hard effect by PPVT quartile (N = 37, 41, 39, and 41 for Quartiles
1-4, respectively; mean PPVT raw score = 39.87, 63.46, 85.21, and 126.15 for Quartiles 1-4,
respectively) also showed no significant effect of PPVT performance on the easy—hard effect, F(3,154)
< 1. Across the four quartiles, the easy-hard effect was 11.86, 15.46, 15.41, and 17.61.

% Note that we are trimming the data to the 21% to 80% correct range using MLNT scores (in order to avoid floor and ceiling
effects in the MLNT easy-hard effect, but we are using LNT scores as the basis for estimating the size of the child’s lexicon. In
our overall sample of MLNT tests (N = 214), performance on the LNT correlated extremely highly with performance on the
MLNT, r = 0.894.
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Figure 6. Percent correct on the MLNT easy words and MLNT hard words as a function of MLNT
percent correct.

All of the above analyses included both children who used OC and children who used TC. It is
quite possible that communication mode can affect the structure of the developing lexicon. In such a
case, the easy-hard effect may be quite different in OC users than in TC users. Accordingly, we repeated
the above analyses separately for each of these two communication modes. For TC users (N=113)
performing in the overall range of 21 to 80% correct on the LNT, there was no significant correlation
between the easy-hard effect and overall LNT performance, r = 0.07, #(111) = 0.76. For OC users (N =
245) performing in the same range, there was a small but statistically significant correlation, r = 0.14,
1(243) =2.22, p <.05. Note that the difference between these two correlations was itself non-significant.

Figure 7 shows LNT performance separately for easy words and hard words for OC and TC
users, broken down into three bins of overall LNT performance: 21-40% correct (N = 43 for the OC
group; N = 53 for the TC group), 41-60% correct (N = 104 for the OC group; N = 38 for the TC group),
and 61-80% correct (N = 98 for the OC group; N = 22 for the TC group).

LNT Performance by CM
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Figure 7: Percent correct as a function of LNT performance bin for easy and hard words for OC
users and TC users.
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Figure 8 explicitly shows the easy hard effect for the two CM groups. Overall, for the TC group,
the easy-hard effect did not change size as a function of performance interval, F(2, 110) <1. However, for
the OC group, the easy-hard effect increased as LNT performance improved, F(2, 242) = 3.98, p <.02.
Individual #-tests comparing performance bins in the OC group indicated that the easy-hard effect was
marginally smaller in the 41-60% performance bin than in the 61-80% performance bin, #(200) = 1.77, p
<.10, and significantly smaller in the 21-40% performance bin than in the 61-80% performance bin,
1(139) = 2.87, p <.005. Comparisons of the OC and TC group at each individual performance bin were all
non-significant, smallest p = .21.

Easy-Hard Effect by CM
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Figure 8. The easy-hard effect as a function of LNT performance bin for OC and TC users.

We also examined the relation between PPVT and LNT performance separately for OC children
and TC children. For TC users, PPVT performance did not correlate with LNT performance, r = 0.110,
#(110) = 1.16, or with the LNT easy-hard effect, » = 0.056, #(110) = 0.59. In contrast, for OC users, PPVT
performance did significantly correlate with LNT performance, r = 0.306, #236) = 4.94, p <.001, and
with the LNT easy-hard effect, r = 0.141, #(236) = 2.19, p <.05. Both the OC group and the TC group
were broken down into PPVT raw score performance quartiles. Table 2 shows PPVT performance for
each of these quartiles for each CM group. Figure 9 shows the percent correct for LNT easy and LNT
hard words as a function of PPVT performance quartile separately for the OC and TC groups.

Q1 Q2 Q3 Q4

OC Users
N 60 59 60 59
Mean 37.53 58.54 79.20 114.20
Standard Deviation 9.13 6.32 6.03 41.07
TC Users
N 28 27 28 28
Mean 49.61 71.39 91.16 131.86

Standard Deviation 8.25 5.71 7.50 24.74

Table 2. N, Mean, and Standard Deviations for each of the four PPVT raw sc