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Abstract

Despite advances in hearing aid and cochlear imptghnologies, many children
who are deaf or hard of hearing continue to lagrzktypically hearing peers in
language and reading abilities. Additionally, #hex a high degree of variability in
language outcomes among children with a hearing) I&vidence indicates that auditory
input provides a foundation not only for speech Emguage development but for
cognitive functions such as sequence memory amdifegpability. This study
investigated a variety of cognitive functions witto major aims in mind: 1) to verify
differences between children who are deaf or hatearing and typically hearing
children on variety of cognitive tasks, 2) to detare if visuospatial sequencing practice
would result in improvements on nontrained taskasueang phonological memory,
sequencing ability, and executive function.

Thirty-two children who were deaf or hard of hegrand 29 children with typical
hearing took part in this study. One pretraining &wo post training sessions assessed
cognitive tasks involving visuospatial short-terremory; verbal short-term memory
(nonword repetition); inhibition; and visual sequerearning. Pretraining assessments
revealed significant differences between the graupserbal tasks with both auditory
and visual stimuli as well as on tasks of inhibitend visual sequencing. In addition,
differences were revealed on visual tasks with edoal stimuli. These findings suggest
a general difference or delay in performance beybadanticipated verbal delay related
to a deficit in hearing acuity. The training tagkized a touch screen computer monitor
that displayed sequences of circles on a 4 x 4whidh subjects then replicated.

Subjects were age matched and completed ten daysuolspatial sequencing practice in



either an adaptive or control condition. Two piogining assessment sessions revealed
improvement on the nonword repetition task fordadeptive group following the
sequencing practice. These findings suggest thabspatial sequencing practice can
lead to improvements in language abilities. Pdsspplications include utilizing
measures of visual sequencing ability to identdafdor hard of hearing children who
may be at risk for poorer language developmentaasna component in predicting

successful language development following cochleatantation.

Xi



Chapter I. Introduction

Approximately 1.3 out of 1,000 children in the WadtStates who receive a
hearing screening at birth are identified with armgg loss (“Summary,” 2008).
Evidence has shown that early stimulation is esadior the normal development of
central processes in sensory systems (Sharma & &grd®06). Thus the effects of a
hearing loss begin immediately at birth and cartinae throughout a child’s life.
Although the brain and nervous system continuesielbp in the absence of auditory
stimulation, for children who do not receive adaguauditory stimulation some cortical
reorganization does occur leading to differencdsoitn peripheral and central neural
function. The resulting effect can be atypical depment of speech and language skills
(Sharma & Dorman, 2006; Watson, Titterington, Hegyoner, 2007) and possibly
nonverbal function as well. Therefore it has bee@matter of best practice to provide
auditory input to children who are deaf or hardheéring as early as possible.

Hearing aids and cochlear implants are the prirsangory aids provided for
children who have been diagnosed with a hearing) |Both are aimed at restoring the
audibility of speech in order to facilitate langeadgvelopment, yet they work in
fundamentally different ways. A hearing aid anipBfsound which is then sent to the
inner ear and ultimately converted to nerve imputbat are interpreted by the brain.
Many hearing aids today utilize programmable dlggéahnology which distinguishes
speech from noise and allows the management ohkssl A cochlear implant is a two
component device which operates differently théwearing aid. Rather than simply
amplifying acoustic signals, a cochlear implantvarits sounds to electrical signals and

delivers those signals directly to the auditoryweerThe external component is made up



of a microphone, a speech processor, and a traesmithe microphone picks up sound
and sends it to the speech processor. Here sogmalsare digitized and sent to the
transmitter which then sends the signal to a recdocated internally behind the ear just
below the skin. The electrical signals are sesnfthe receiver to an array of electrodes
surgically implanted in the cochlea so that fibefrthe auditory nerve can be stimulated.
In the final step, nerve impulses are perceivesbasd by the brain.

Despite improvements in speech audibility made iptessby advances in hearing
aid and cochlear implant technologies, many childvo are diagnosed with a hearing
loss continue to experience difficulty developireghal communication including speech,
vocabulary, grammar, word order, idiomatic expr@ssj and even reading skills causing
them to lag behind their typically hearing peerthiese areas (American Speech-
Language-Hearing Association, 2011). Additionalhere is a high degree of variability
in language and reading abilities among hearingadicochlear implant users alike
(Blamey, Sarant, Paatsch, Barry, Bow, Wales, WriBkarros, Rattigan, & Tooher,
2001; Geers, 2004; Pisoni, 1999). A number ofisgilave set out to determine factors
that may explain the disparity between childrerhviyfpical hearing and those who are
deaf or hard of hearing as well as the variabdityong this latter group (Dawson, Busby,
McKay & Clark, 2002; Geers, Nicholas, & Moog, 200ohnson & Goswami, 2010;
Pisoni, 1999; Pisoni & Geers, 2000; Willstedt-Sweams Lofgvist, Almqvist, & Sahlen,
2004). Some of the factors which have been idedtihclude length and degree of
auditory deprivation, mode of communication, andvesbal 1Q, yet other more central
cognitive factors such as perception, attenticarligg, and memory appear to play a

role as well. More recent research has suggels&atperiod of auditory deprivation



may cause changes in cognitive processes (Watsan 2007). As a result, delays in
non-auditory sequencing functions may occur, cbatmg to difficulties with certain
aspects of language development (Conway, PisoHiraaenberger, 2009). Thus there
appears to be an additional source of variancéeceta information processing
operations and cognitive demands and which extbagsnd audibility and the way in
which speech signals are transmitted to the ayditerve and ultimately encoded into
meaningful units (Pisoni, 1999). Evidence suggtstssome of these factors may not be
fixed traits (Pisoni & Geers. 2000), and recergrdibn has turned to the possibility of
improving various types of cognitive function thghuthe use of computerized training
programs (Klingberg, Fernell, Olesen, Johnson, &ssbn, Dahlstrom, Gillgberg,
Forssberg, & Westerberg, 2005; Kronenberger, Pistemning, Colson, & Hazzard,
2010).

In the effort to reduce variability in outcomes argahildren who are deaf or
hard of hearing it is essential to understand ingaict that a period of auditory
deprivation may have on a variety of cognitive fumes. If underlying factors related to
language and academic performance can be idenéiiddmproved then there is
potential to increase language skills and to natteperformance gap between children
who are deaf or hard of hearing and their typichéigring peers.

It was therefore the goal of this study first taifyedifferences between children
with typical hearing and those who are deaf or lwdifgearing on a variety of cognitive
tasks and second to determine whether visuoszatiplencing practice would lead to
improvement on these tasks. Before describingtineent study and its findings, it is

important to review previous research related #oléimguage development of children



who are deaf or hard of hearing. This introducsegtion will define working memory
and sequence learning, two factors shown to béeckta language development. Studies
outlining the contribution of these skills to nodnenguage development will be
reviewed. Next, studies describing these skilleagnchildren who are deaf or hard of
hearing will be presented. Finally, a number airting studies along with the potential
to impact language-related skills will be discussed
Working Memory

The concept of working memory has become impoitatite study of cognitive
function and is generally understood to be theesysesponsible for temporarily storing
information necessary for the performance of comfdsks such as language
comprehension (Baddeley, 1992). Working memonegally combines memory,
attention, and perception abilities to temporastiyre and process information. Short-
term storage is facilitated by two slave systetms pghonological loop and the
visuospatial sketchpad, and this stored informasarcted upon by a set of executive
processes which include such things as attentidnrdmbition, task management,
planning, monitoring, and coding representatiomgifoe and place of appearance
(Smith, 1999). This multi-component concept of kilmng memory has evolved over time
and is now widely accepted to describe the prosagesponsible for a variety of complex
cognitive activities, including vocabulary and graatical development as well as
reading comprehension (Adams & Gathercole, 200adBkey, Gathercole & Papagno,
1998; Baddeley, 2003)

Authors of early studies of human memory proposeditary system which was

responsible for all types of memory, but by the@®9&nd 1960s the study of human



memory had evolved to suggest a multi-componernesy$or storing information.
Atkinson and Shiffron (1968) described the framewairmemory as a system divided
into a sensory register and a long-term and sleont-tnemory store. According to this
view, the presentation of a stimulus activatedstiresory register; the long-term memory
component served as a durable and lasting repp$aomformation; and a short-term
memory component provided a temporary storage dpa@avironmental information.
Further investigation and exploration over the gdad researchers to create distinctions
between this short-term memory store, which maneiinformation over a limited time
period, and the ability to hold that informationilghmanipulating or integrating other
information. Thus the terms short-term memory andking memory, while sometimes
used interchangeably in the literature, emergathagie concepts, the latter of which
was outlined in the detailed three-component motiBladdeley and Hitch (1974).
According to this model, working memory was comgai®f two separate systems which
temporarily store phonological and visuospatiabinfation as well as a limited capacity
attentional system known as the central execultimedontrols behavior. As further
explained, working memory capacity did not solafer to the quantity of information
that could be remembered but also to the abilityowtrol attention in order to maintain
or suppress information and as such has sometilsebeen referred to as executive
attention (Engle, 2002).

The phonological loop, referred to as one of tA@elkystems and a primary
component of Baddeley’s working memory model, isstdered to be responsible for
maintaining speech-based information. As a higlplgcialized subsystem it manages

both the rehearsal and maintenance of the phorealbigipresentations of spoken words



as well as the learning of new words. Reheargaltalace through the act of subvocal
repetition and helps to maintain material in thempdlogical store. Additionally,
subvocalization can be used to place and retauralhspresented material such as words
or nameable pictures in the phonological storee plmonological loop is widely viewed
as aiding speech comprehension, especially ingaconditions, and long-term
phonological learning such as vocabulary develogrieddeley, 1992).

The second slave system of working memory, theoggatial sketchpad,
provides temporary storage and manipulation ofalisspatial, and perhaps kinesthetic
information so a combined representation can bmddr While the connection may not
seem as straightforward as the one between theofdweal loop and language, the
visuospatial sketchpad has also been suggestdayta pole, for some types of material,
in language comprehension (Baddeley, 2003). Iuii@ dpasic way the sketchpad may
assist with the acquisition of common conventioheading such as maintaining the
representation of a page and facilitating traclaadghe reader’s eyes move across and
down a page.

The two slave systems, then, are responsible éstibrage and manipulation of
verbal-acoustic and visual-spatial informationth&d component, the central executive,
serves in a supervisory manner to coordinate thgstems. As a limited capacity system
in the working memory model, the central executwerdinates a wide range of
activities including processing and storing infotioa and managing concurrent
cognitive activities by means of controlling atient inhibiting undesired responses, and

shifting between tasks (Baddeley, 2003).



While this three-component model of working memprgposed by Baddeley
and Hitch in 1974 provided a basic outline for uistending memory for a number of
years, over time it became evident that this mdakhot completely account for the
way in which information was integrated. By theéd@$, in an effort to explain the ability
to combine visual and verbal codes and to link themepresentations in long-term
memory as well as the ability to store quantitiematerial that seemed to exceed the
parameters of the visuospatial and phonologicasystbms, the model was redefined to
include a fourth component known as the episoditeb(Baddeley, 2000). As a limited-
capacity system controlled by the central executive episodic buffer accesses long-
term memory information, thus providing a temporstigrage system that allows for
combining and integrating information from the sygiems, and thereby different
modalities, into single multi-faceted chunks orisegles.” The episodic buffer is thought
to represent conscious awareness while the ceaxtealtive maintains attentional control
(Baddeley, 2003).

The connection between working memory and othenitiog functions has been
well documented, and findings from numerous stubdase indicated that measures of
working memory reliably predict performance in aiety of cognitive and ability tasks
such as reading comprehension, language comprenersicabulary learning, note-
taking, writing and spelling (Adams & Gathercol®0R; Baddeley 2003; Baddeley,
Gathercole & Papagno, 1998; Montgomery, 1995; Momigry, 2002). Fry and Hale
(2000) presented a review of studies to explairretaionship between working
memory, processing speed, and fluid intelligentlkey reported that the age-related

increase in raw scores on intelligence tests wbadurs through childhood and



adolescence seems in large part due to increapesdassing speed but that nearly all of
that influence appears to be mediated throughfteeteof speed on working memory.
The authors thus suggested the idea of “a cogridevelopmental cascade” (Fry & Hale,
2000, p.30) to help to explain the important roleking memory may play in other tasks
of cognitive function.

Baddeley et al. (1998) highlighted the importantthe phonological loop in
language learning and provided data to illustratela@ionship between the vocabulary
level of children and their short-term memory parfance as measured by Digit span
and nonword repetition tasks. They further desctiexperimental word learning studies
conducted with adults. Their findings indicatedttivord length and phonological
similarity affect phonological loop performance endertain conditions; longer,
unfamiliar phonological forms were more difficutirfparticipants to remember and
reproduce. A similar difficulty was encounteredemtsubjects studying a foreign
language attempted to learn unfamiliar vocabulbay tvas phonologically similar. In
both situations, the phonological loop must prouelaporary storage of unfamiliar
phonological material, and the added load of lemgtsimilarity resulted in a decrease in
performance (Baddeley et al, 1998).

The role that the phonological loop plays in stgrimformation is likely
important not only for vocabulary learning but aisghe acquisition of syntactic
knowledge. Indeed, the combination and interdepeoe of articulation and
phonological memory would be expected to influelecgth of utterances and the
complexity of grammatical constructions in additiorexpressive vocabulary skills

(Adams & Gathercole, 2000). Children are exposea multitude of syntactic patterns



which are first held in phonological working memaingn eventually stored as long-term
memory representations that serve as a basisdafttstraction of syntactic rules and are
used as models for their own unique utterance® c8pacity of the phonological loop to
store temporary representations therefore imphaetspeed and accuracy of syntactic
development (Spiedel, 1993).

One test that has become widely accepted in asggsisonological memory is
the Children’s Test of Nonword Repetition (CNReghich is more consistently linked
with language skills than other simpler verbal saskntaining phonological memory
components such as auditory digit span (Gather@diis, Baddeley, & Emslie, 1994).
For the CNRep, subjects are presented auditorily monwords that are 2, 3, 4, or 5
syllables in length and required to provide an irdrae repetition of the stimulus. The
ability to reproduce the nonword is a complex tasiuiring the combination of auditory,
linguistic, articulatory, and cognitive processathaut the use of visual cues or prior
linguistic exposure (Carter, Dillon, & Pisoni, 2002

Additional findings have revealed a relationshipazen nonword repetition
performance and language and/or reading abiliies study with children of preschool
age, a significant correlation was revealed betvikemumber of different words used,
as obtained through a language sample, and theydbitepeat nonwords that were three
syllables in length (Adams & Gathercole, 1995)he Buthors maintained, therefore, that
a relationship exists between productive vocabudauy phonological memory. Based
upon these findings, it appears that children Wwétter phonological memory skills
produce a wider variety of grammatical forms. Gensely, children exhibiting poorer

phonological working memory abilities may requiepeated presentations of a new



grammatical form before they are able to correictigate and incorporate the word into
their vocabulary. This view is consistent withttb&other researchers who have
proposed that the ability to temporarily store phenological form of a novel word in
working memory is vital to the long-term learninigtisat word and ultimately to
vocabulary acquisition (Gathercole & Baddeley, 1989

In a study of reading disabled children, Roodearys Stokes (2001) provided
support for the idea that phonological working meyrmoay play a part in reading
development as well. A group of 16 reading disaloleildren were matched for
chronological age with another group of 16 childagwl for reading level with a different
group of 16 children. All subjects were askedéd@rm a variety of tasks including a
reading task, the CNRep, and a memory span testul® revealed significantly poorer
performance by the reading disabled group on th@ong span and nonword repetition
tasks when compared to their age-matched peers.diffierences between the reading
disabled group and the reading-age matched pemsgMer, were not significant. The
authors suggested that poorer performance on theopdgical tasks of memory span and
nonword repetition resulted from an underdevelapsslof long-term phonological
knowledge by the younger readers as well the desatdaders (Roodenrys & Stokes,
2001). In summary, it seems apparent that theglbgical loop plays an important role
in the development of language and reading ability.

Similarly, the visuospatial sketchpad has beerelihto language abilities in some
studies. Results from a study of subjects withliils syndrome--known to produce
impaired visuospatial processing but thought toehaw impact on verbal skills--suggest

that the maintenance and manipulation of infornmaiiiothe visuospatial sketchpad can
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assist with language comprehension, especiallgf@mmatical structures which include
spatial terms such as prepositions (Baddeley, 2088yitionally, Adams and
Gathercole (2000) found an association betweerukgg performance and measures of
visuospatial short-term memory, with subjects pssisg high nonword repetition
abilities performing better on tasks requiring tectvisuospatial information as
compared to subjects in a low nonword recall group.

The third component of the Baddeley and Hitch mad&orking memory, the
central executive, coordinates the operation opti@nological loop and the visuospatial
sketchpad and in doing so provides a crucial lietneen memory ability and other
cognitive functions (Baddeley, 1992). Input fromthpslave systems is coordinated by
the central executive and integration is facilidiay the episodic buffer. Together these
processes are referred to as executive contraheSspects of executive control include
the ability to control attention, to inhibit resgs@s to inappropriate or irrelevant stimuli,
to manage or shift between simultaneous tasks@ssary, and to access and manipulate
information held in long-term memory. Executivmtion is the term used to describe
the system responsible for planning, decision-ngkimonitoring, and anticipating and is
related to the prefrontal cortex (Funahashi, 2001).

Thus the term working memory, as it has evolved tve years, is recognized as
an important component of language learning. Meslmaking memory is controlled by
the phonological loop whereas visual-spatial wagkimemory operates within the
visuospatial sketchpad. Both are controlled byatttentional system known as the
central executive which is capable of binding infation from multiple sources. The

episodic buffer contributes by both feeding infotima into and retrieving information
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from working memory and subsequently integratirgesentations from working
memory and long-term memory language processirngsgs In combination, these
systems comprise what is generally referred to@kimg memory: “a brain system that
provides temporary storage and manipulation ofrif@mation necessary for such
complex tasks as language comprehension, learantgreasoning” (Baddeley, 1992, p.
255).

Sequence Learning

Sequence learning refers to the ability to leamncstired or statistical patterns and
is a basic aspect of human cognition (Kaufman, Do Gray, Jimenez, Brown, &
Mackintosh, 2010). Language is comprised of aesasf sounds combined according to
a set of complex rules or relations into meaninghuts, yet for most children
proficiency in spoken language is acquired in arziand effortless manner. It seems
plausible then that sequence learning ability masrgpact on language acquisition, and
findings from a number of studies lend supportis tdea (Conway & Pisoni, 2008;
Conway et al., 2009; Furth & Pufall, 1966; Reb&67).

Although a connection to language acquisition maygénerally accepted, there is
not a consensus as to whether sequencing abibiy isnate skill or one that depends
upon experience. The readily observed fact trajuage develops rapidly and is drawn
from incomplete representations has led a numbessefarchers to propose sequence
learning as an innate skill which thereby occudependently from experience. In
support of this view, Dominey (1997) suggested thahans are predisposed for
sequence learning which provides a foundationifergeneral sequence processing

aspect of language. Others contend that experi@ags a role in sequence learning and
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language development as well. In support of thitet view, Saffran, Aslin, and Newport
(1996) presented findings from a study in which &ath olds were presented with
concatenated speech. Through use of a familiasizgreference procedure, infants
were exposed to auditory stimuli and thereby pregidith a potential learning
experience. Following the familiarization phase infants were presented with one set
of stimuli that contained items from the familiaiion and one set that did not. Results
revealed that infants were able to extract the esetipl statistical information necessary
to recognize the difference between novel and fanslyllables. This finding provided
evidence of experience-dependent learning in axdtt experience-independent or
innate mechanisms which may aid in the acquiswiolanguage. The authors proposed
that if exposure to these complex sequential pettieressential to language learning,
then indeed the number of experiences gatheredchiidhin the first year of life
potentially plays a very significant role in devahoent (Saffran et al., 1996).

In summary, research findings suggest that théahbil learn structured
sequential patterns may represent an underlyiivakich contributes to the acquisition
of language. While sequence learning may be lgiiggblicit in nature, experience
likely plays a role in its development as well (& et al., 1996).

Performance by Children Who are Deaf or Hard of Heaing

The previous section presented findings illustatime connection between
various cognitive functions and language perfornearfeunctions related to language
ability include overall working memory ability, phological memory ability, executive
control, and sequence learning ability. In ordeumcover possible explanations for the

poorer language performance often demonstratediibdren who are deaf or hard of
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hearing it is necessary to consider performancdisygroup on specific tasks which
enlist these abilities.

Working memory and sequence learning.

Working memory capabilities in children who are fdeahard of hearing have
been the subject of investigation over the yeaenEdn et al., 2002; Harris, & Moreno,
2004; Johnson & Goswami, 2010; Parasnis, Samaig@e® Sathe, 1996; Pisoni 1999;
Pisoni & Geers, 2000; Sterritt, Camp, & Lipman, @9%/atson et al. 2007; Wayne,
Long, & Dowaliby, 1997; Willstedt-Svensson et @02). Whether the focus has been
on visuospatial or verbal working memory, the duad been to discover elements which
may help to explain the differences in performaoicehildren who are deaf or hard of
hearing as compared to their typically hearing peer

Studies implementing auditory working memory tas&ge revealed, not
surprisingly, that subjects who are deaf or harbesring frequently perform at a level
below typically hearing peers (Pisoni, 1999; Piskieers, 2000), yet upon closer
examination, all of the differences are not atti@olto auditory abilities alone. Pisoni
and Geers (2000) conducted a study with 43 coclmigalant users eight to nine years of
age. Correlational analysis of auditory digit spagvealed moderate to strong positive
correlations between the digit span subtests ofWkehsler Intelligence Scale for
Children (WISC) and four measures of spoken languyagcessing: speech perception,
speech intelligibility, language tests, and reagiegformance. The conclusion was that
short-term working memory may contribute, over abdve any differences in basic
discrimination skills, to the way speech is proeésshat is “perceived, encoded,

rehearsed, stored, transformed and manipulateddfiP& Geers, 2000, p. 337), and
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therefore may account for some of the differenndanguage outcomes across implant
users. In addition, subjects in this study whoenextucated in a listening and spoken
language environment where instruction does ndtdecthe use of sign language
demonstrated longer digit spans than those tauthttiae Total Communication method
which utilizes sign language in conjunction witlokpn language. This difference
suggests that working memory abilities are dynaanit may be shaped or changed by

environment and language-related experiences.

Other auditory tasks with similar findings have eddupport to the idea that
differences in working memory may impact other dgtiga processes such as reading,
learning and allocating attentional resources (\bfatet al., 2007). Watson et al. (2007)
reported poorer performance on three measures iiivgomemory by 15 children who
had received cochlear implants compared to 19 rilavith typical hearing. The tasks
consisted of a nonword repetition task and bottvéod and backward digit spans. In
addition to group-related differences, analyses edgealed highly significant
correlations between the nonword task and both gjggin tasks for the group with
typical hearing. For children in the cochlear iamlgroup, however, no such correlation
between nonword repetition and the digit span tasksdiscovered even after age of
implant and duration of use were included as cat@si To account for this finding, the
authors proposed a difference in processing siegtegnong the implant group which
may include a breakdown in the way that aspectgooking memory assist with verbal

memory tasks.

Complex working memory ability in children with ddear implants was assessed

in a study by Willstedt-Svensson et al. (2004) tigloa sentence completion and word
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recall task. The task required subjects agestéivil years to listen to seven sentences as
they were read out loud by an examiner and to cete@ach sentence with an acceptable
word. Following a set of three and then four secés, the subjects were asked to recall
the completions. Results of this test correlatgdicantly with novel word learning and
both receptive and expressive grammar. The lifoitatin working memory revealed in
this study suggest speech and language traininghittren who are deaf or hard of
hearing should be informed by cognitive theory (8t@dt-Svensson et al., 2004).

Other auditory tasks which merely require shonrtenemory have been revealed
differences as well. Ling (1975) reported sigrfit differences between a group of
children with typical hearing and a group who weeaf or hard of hearing on the recall
of auditory sequences. Despite demonstratinghifiéyao hear and repeat individual
syllables, subjects who were deaf or hard of hgagalled sequences of spoken
syllables more poorly than subjects with typicehieg. This finding suggested that
poorer performance by the subjects who were debamt of hearing was due in part to
an inadequate process of coding information faragie and retrieval from short-term
memory. In other words the deaf or hard of heasulgjects did not seem to be utilizing

a rehearsal strategy to aid in their memory of akeslequential stimuli.

Studies such as those described above consisteadgl differences between
subjects with typical hearing and those who aré dehard of hearing on auditory
memory and sequencing tasks, yet results fromesuafivisual memory abilities have
been mixed (Dawson et al., 2002; Johnson & Goswa@iiQ; Logan, Maybery, &
Fletcher, 1996; Parasnis et al., 1996; Sterrigil.etL966). Of key significance in visual

memory studies is the type of task employed; diffies for subjects who are deaf or
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hard of hearing often arise with stimuli that praeneerbal coding of information, which
can include nameable objects but also numberslorsc@awson et al., 2002) as well as
with tasks requiring serial order memory (Furth &f&l, 1966). Studies revealing
deficits among children who are deaf or hard ofimgan the ability to process and
discriminate sequences, a characteristic skilhngluage learning (Conway et al, 2011;
Furth & Pufall, 1966; O’Connor & Hermelin, 1973) ynarovide insight into additional
cognitive factors contributing to the varianceanduage performance.

On a test of visual memory requiring subjectsreoadone or more geometric
figures from memory, Parasnis et al. (1996) fouadnain effect or interaction between
children who were deaf or hard of hearing and tlvasie typical hearing. In contrast,
when these same subjects were shown cards disglaysequence of digits—stimuli
which lend themselves to verbal coding—and thenired to reproduce the sequence on
a piece of paper, the results revealed a significahorter memory span by the deaf or
hard of hearing subjects. The finding that théedénce between the two groups did not
extend to the task requiring only visual memorycdists any claim of a general short-
term memory deficit for the deaf or hard of heamgngup. Similar results emerged in a
study of 25 adults who were deaf or hard of heaaimd) 20 who had typical hearing, all
of whom were fluent users of Australian Sign LarggiaThe group with typical hearing
performed significantly better on both free andadeecall tasks with verbal stimuli
presented as written words or signs. No groupeckfices were revealed, however, on a
computerized version of the Corsi visual-spatiaimoey task (Logan et al., 1996).
Additional analyses revealed that reading levemaasured by the passage

comprehension section of the Woodcock Reading Ma3test, was significantly
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correlated with serial recall of both the sign avatd tasks as well as free recall of the
visuospatial task. Here again, the nature of Vistiauli seemed to affect performance
by subjects who were deaf or hard of hearing, wétbal stimuli being remembered less
readily. Results from these studies point to asitds failure to employ a verbal rehearsal
strategy to aid the memory process.

Dawson et al. (2002) assessed short-term memolitiebalong with receptive
language abilities of cochlear implant users anohéothat children using cochlear
implants performed more poorly than typically hegrpeers on a picture sequence
memory task but not on a visual memory task reqgithe imitation of hand movements.
Consistent with findings in other studies, the @teh with normal hearing performed
better than the implant users on visual short-teegquential memory tasks that lent
themselves to verbal coding. The subjects wersgpted with pictures of a fish and a
dog in a sequence and required to replicate thees®eg with a series of button presses.
Despite the fact that subjects were not requirgotd@ide a spoken response,
performance by the cochlear implant group was Saaritly poorer than the group with
typical hearing. Since the stimulus items coultbliy be coded as verbal representations
in memory, it is likely that the group with typiclaéaring employed a speech-based
rehearsal strategy. Performance for the two grouges similar on visual short-term
memory tasks that required imitation of hand mowvetsig/hich were less likely to be
verbally coded. The authors also computed diffegescores by subtracting visual from
auditory memory performance and found no significhfierence between the two
groups, indicating that the deficit for the implgmoup was not specific to the auditory

modality. Furthermore, visual spatial memory asisueed by a subtest of a nonverbal
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IQ test, provided the strongest prediction of réeegdanguage scores (Dawson et al.,
2002).

The previous studies of visually presented stirhalie indicated a deficit by
children who are deaf or hard of hearing for remernmg information that can be
verbally coded, yet there is evidence that thifialifty extends to sequentially presented
stimuli regardless of the verbal or nonverbal raifrthe stimuli or the mode of
presentation. Steritt et al. (1966) investigatsthl of auditory and visual stimuli with a
group of children who were deaf or hard of heaand a group of typically hearing
children ranging in age from three years nine metdhseven years three months.
Results revealed that children with typical heapegformed better than children who
were deaf or hard of hearing on both auditory asdal pattern reproduction tasks. The
finding that differences are not modality spec#fupports the authors’ hypothesis that a
period of auditory deprivation can lead to defiaisemporal patterning ability.

Furth and Pufall (1966) employed a number of segei@ativities which
produced similar findings. Three one inch by twoh cards containing black nonsense
figures were presented in two different sequencelitions. Subjects ages six and seven
were instructed to reproduce the sequence. Isubeessive presentation condition, the
three cards were displayed individually for oneosetwith a one second interval
between presentations. For simultaneous presensatihe entire sequence of three cards
was presented at once for a period of three secdrdsults revealed significantly poorer
sequence replication on the successive sequercbytahildren who were deaf
compared to a group of typically hearing childriee same age. However, recall by the

two groups was not significantly different for teequences that were presented
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simultaneously. Typical hearing generally leadadomal development of language
skills. It is possible that linguistic practiceopides experience with sequentially
presented material thus accounting for the bettsfiopmance by the hearing group on the
successive sequencing task. The poorer perforntansebjects who were deaf or hard
of hearing on sequential sequencing tasks, thexgfoay be attributed to “early deafness
or linguistic deficiency,” (Furth & Pufall, 1966, g41).

Sequential learning has likewise been addressetbie recent studies of children
who are deaf or hard of hearing (Conway, Karpiékeaya, Henning, Kronenberger, &
Pisoni, in press; Conway, Pisoni, Anaya, Karpickéjenning, 2011). A group of
children with typical hearing outperformed an agateched group of cochlear implant
users on a set of fingertip tapping tasks desigo@deasure basic sensorimotor
sequencing skill (Conway, et al., in press) as aglbn a visual implicit learning task
(Conway et al., 2011). The study of implicit seqoe learning ability included 25
subjects who were deaf or hard of hearing and eegived cochlear implants and 27
subjects with typical hearing (Conway et al., 201A)touch screen monitor was used to
display four squares of different colors. The sqadlashed one at a time to present a
sequence which the subjects were instructed ticegpl Unbeknownst to the subjects,
the sequences presented were generated by aaia@rgfiammar. A learning and a
testing phase were imbedded into the task, withescon the testing phase allowing for
the calculation of an implicit learning score. Tdi#erence between the number of
correct replications for sequences which followel grammatical rules and for those
which were ungrammatical in nature provided an ianplearning score. Results

revealed that fewer than half of the implanteddrieih compared to 75% of the children
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with typical hearing displayed learning on the tagidditionally, a significant correlation
emerged between implicit sequence learning andalewveasures of spoken language
processing. Along with the results from Furth &uall (1966), these findings provide
support for the idea that language ability and seging ability are closely related.

O’Connor and Hermelin (1973) examined sequencdiabiin deaf or hard of
hearing subjects as well. A display box was usgatésent a series of three numerals
one at a time in one of three locations—Ieft, mégdir right. Following each sequence
presentation, participants were required to wrdel the sequence they had seen.
Participants who were deaf or hard of hearing vabte to recall the numerals presented
with the same accuracy as the subjects with tyfieating, but a difference in the
manner of response emerged. Children with tygiearing recorded their responses
primarily in temporal order reflective of the orderwhich the numbers had been
presented. The children who were deaf or harceafihg, however, almost exclusively
replicated the spatial order or location of the bems without regard to the order of
appearance. Because all stimuli were presentedhysno difference in response style
based upon hearing status had been anticipated.p@ssible explanation provided by
the authors for the spatial rather than temposgaase by the subjects who were deaf or
hard of hearing was the absence of an adequatedgagystem to allow the information
to be analyzed and stored in a linguistic form (@i@or & Hermelin, 1973).

More recently, Johnson and Goswami (2010) rep@tgdappropriate visual
memory skills for subjects who were deaf or hartiedring as measured by standard
scores on the Leiter-R Memory Screen task. Thaysncluded 19 children with typical

hearing as well as 43 subjects who were deaf adddtweived cochlear implants at an
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early (2.5 years) or late (5 years) age, or woegihg aids. The memory screen task
consisted of a picture association task and aas#quencing task. Although all
subjects who were deaf received standard scotbe iaverage range, performance by the
early cochlear implant group was the best. Funtioee, significant correlations were
revealed between the Leiter-R visual memory taskisraading comprehension,
orthographic knowledge, and digit span. The awtlatso found visual memory skills to
be one of the factors, in addition to phonologarad language skills, associated with
reading development in children with typical hegrirThe finding that earlier implanted
subjects performed better suggests that the lesfgtime that a child experiences
auditory deprivation may affect the degree to whaopnitive functions such as sequence
and memory abilities are impacted.

Evidence that working memory (Pisoni & Geers, 208@) sequence learning
abilities (Conway & Pisoni 2008; Furth & Pufall,@® O’Connor & Hermelin, 1973)
may underlie language skills is of particular imporce because it implies that despite
advances in technology, audibility and discrimioatalone cannot predict successful
language outcomes for children who are deaf or bhhetaring. Sound is a temporal and
sequential signal (Hirsh, 1967) and children wythi¢al hearing receive nearly
continuous exposure to serial order stimuli. Foldcen who are deaf or hard of hearing
these stimuli may be absent or significantly dirsimad in quality. Furth and Pufall
(1966) proposed that the ability to process andriiisnate sequences was a key
component of language learning, and Conway anchP{20608) presented empirical
evidence supporting the claim that implicit leaghof complex sequential patterns is an

underlying factor in spoken language processingpeAod of auditory deprivation
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experienced by children who are deaf or hard ofingatherefore, may result in a failure
to receive the temporal pattern experience necgfsiatypical development of speech
and language (Conway et al, 2009; Sterritt etl8I66).

Phonological memory abilities.

The phonological loop, as previously describe@, k&y component in the
Baddeley and Hitch model of working memory. Iparticularly suited for retention of
sequential information and is responsible for swavoehearsal and maintenance of
language based information. In an effort to undes differences in performance on
memory and language tasks, a number of studiesdwaght to determine the role of the
phonological loop for subjects who are deaf or ledridearing by specifically examining
the use of rehearsal strategies (Bebko, 1984; @ptaB¥ 3; Wallace & Corballis, 1973).
In a study of 43 deaf students and 46 adult womiémmwormal hearing, subjects were
required to recall two sets of consonant sequepEsented visually at a rate of one
letter per second (Conrad, 1973). In the firstls¢ters were highly phonologically
similar and included the following letters: B,Q,P, T, V. The second set with low
phonological similarity was comprised of the leit&;, N, V, W, X, Y. Subjects with
typical hearing made fewer errors on sequencesatéia phonologically similar, while
the subjects who were deaf or hard of hearing naadequal number of errors on
phonologically similar or dissimilar sequences.e3éfindings indicate a lack of speech
coding, or verbal rehearsal via the phonologicapldor the latter group and mark a
clear difference in the coding strategies utilibgdhe two groups (Conrad, 1973).

Bebko (1984) reported similar findings in a studalb deaf or hard of hearing

students. Twenty-nine students who were educatad auditory/oral setting and 34
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students educated in a total communication enviemiwere presented with sequences
of colored cards. Based upon observations ofisieeof cumulative rehearsal strategies,
subjects were classified as Producers or Nonpradude&roducers either used overt
rehearsal, manual signs alone or in conjunctioh same type of verbalization, or some
other memory strategy such as counting on thejyefis. Spontaneous verbal rehearsal
differed depending upon the educational backgrafride child; those educated in an
oral environment began utilizing the strategy atalge of 10 to 11 while for those using
total communication this skill did not emerge uatije 12 to 13 (Bebko, 1984). Ages for
both of these groups were in sharp contrast tofdantaa previous study revealing that
children with typical hearing use verbal reheassadtegies as early as age seven or eight
(Bebko, 1979). Thus it is clear that even whenesttb who are deaf or hard of hearing
are utilizing a rehearsal strategy they are begotm do so at a much later age than
peers with typical hearing. Bebko noted the edanat importance of this finding and
suggested the necessity of providing students whaoeaf or hard of hearing with direct
instruction in the process of learning how to rerhemnformation.

In a later study including children who were deahard of hearing as well as
children with typical hearing (Bebko & McKinnon, 9@), a similar lag in spontaneous
rehearsal was found among the former group, leaditige assertion that a certain level
of language mastery is a necessary prerequisitthéoemployment of verbal rehearsal.
Furthermore, the authors suggested that an inceenplastery of language may be a
contributing factor in the ineffective use of otlegnitive strategies, a theory which may
help explain, in part, the relationship betweenrmhogical memory and other skills such

as reading ability. It appears then that delaye@duced use of subvocal rehearsal
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strategies by children who are deaf or hard ofingandicates differences in the
phonological loop component of working memory coneplato typically hearing peers.
Given the relationship between phonological loottitags and language outcomes
(Adams & Gathercole, 1995; Spiedel, 1993), it mugible that poor phonological
memory ability may be one of the underlying fact@sponsible for poor language and
reading skills often exhibited by children who desaf or hard of hearing.

The Children’s Test of Nonword Repetition (CNRep}lbeen identified as a
useful tool in studies of working memory, vocabulsize, and reading ability with
typically hearing children (Adams & Gathercole, 529 The CNRep has also been
shown to be useful as a measure of phonologichtyaini studies of children with
cochlear implants (Carter et al., 2002; Dillon, &le Pisoni, & Carter, 2004). Dillon et
al. (2004) presented twenty nonword stimuli thaten, 3, 4, and 5 syllables in length to
twenty-four children with cochlear implants. Intitans were analyzed for segmental and
suprasegmental characteristics. An imitation veasexd as segmentally correct if all
aspects of a target word were correctly reprodu@gprasegmental features that were
scored included syllable and stress accuracy. ddsgs were scored as syllabically
correct if the number of syllables produced by lgjestt matched the number presented
for each target word. Similarly, the stress patt#ra response needed to match that of
the target word in order for the primary stresbeéacounted as correct. Not surprisingly,
the deaf or hard of hearing subjects performecequobrly on the segmental scoring,
producing only 5% of the target words without anpes. Suprasegmental analyses,
however, revealed some interesting findings. Fih& accuracy to reproduce the correct

number of syllables and to replicate the stresepabf the target words was
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significantly correlated with performance on twaeapset word recognition tests, the
Banford-Kowal-Bench Sentence List Test (BKB) anel Bultisylabic Lexical
Neighborhood Test (MLNT) indicating the possibilihat responding to the CNRep
employs the same underlying linguistic processas@sgnizing and repeating real
words. Additionally, better performance on the word task was also positively and
significantly correlated with higher receptive vboéary, morphology and syntax scores
on a language comprehension task, the Test of &wyd@Zomprehension of Language
Revised (TACL-R). Finally, there was a significaotrelation between forward digit
span scores obtained from the Wechsler Intellig&uzde for Children (WISC) and the
accurate production of syllables and stress paitevith longer digit spans being
associated with better suprasegmental imitatiomese findings point to a connection
between nonword repetition skills and the abildyehcode, rehearse, and store items in
short-term memory and the usefulness of the nontaskias a measurement in the
attempt to assess and understand the linguistitiedbof subjects who have cochlear
implants (Carter et al., 2002).

Watson et al. (2007) also compared performancewivord repetition between
typically hearing subjects and subjects who hadived a cochlear implant. Their
findings revealed positive and significant cornelas between nonword repetition and
both forward and backward digit spans for the tgjtychearing subjects. No such
correlations were found for the deaf or hard ofrimgagroup, however. For the authors
this pointed to a breakdown in the way in whichcarbponents of working memory
contribute to a phonological memory task such asvood repetition. The proposal that

a different processing strategy results from aqgekeof auditory deprivation for children
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who are deaf or hard of hearing (Watson et al.,72@figns with Conway et al. (2009)
who proposed that sound provides a supporting fnarieupon which general cognitive
abilities related to the representation of seqaémformation are built. This hypothesis,
referred to as “auditory scaffolding” (Conway et @009, p.275), suggests that sound
plays a role in cognition that extends beyond audiperception.

The studies outlined above reveal the difficulbéshildren who are deaf or hard
of hearing to perform tasks of working memory, tiize the phonological loop, to recall
serially ordered items, and to remember visualrmgtion that can be verbally coded.
Further study of these difficulties may ultimatelg in determining how and why these
abilities differ from those of typically hearingitdren and may provide insight into the
nature of the delays exhibited by children whodeaf or hard of hearing in developing
communication skills.

Training Studies

Evidence supports the contribution of working meyn@dams & Gathercole,
1995; Spiedel, 1993) and sequence learning (Comivaly, 2009; Kaufman et al., 2010;
Saffran et al., 1996) to the development of langugdlls. This data combined with
individual differences in performance makes it impot to ask the question: Can
working memory and sequencing capabilities be imgdoand thereby positively impact
language and cognitive skills? A number of stutliege indeed begun to investigate this
guestion and have implemented training tasks ieffmt to determine whether working
memory can be improved (Curtis & D’Esposito, 2088jmes, Gathercole, & Dunning,
2009; Klingberg et al., 2005; Klingberg, Forssb&gd/Nesterberg, 2002; Olesen,

Westerberg, & Klingberg, 2004; Thorell, Lindgvisitutley, Bohlin, & Klingberg, 2009;
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Shalev, Tsal, & Mevorach, 2007; Westerberg, Jaashddirvikoski, Clevberger,
Ostensson, Bartfai, & Klingberg, 2007).

Memory training studies explore aspects of workimgmory capacity from both
behavioral and neural functioning perspectivesiamdement a variety of tasks
involving the temporary storage and sometimes taeipulation of visual-spatial or
verbal information or both. Although the trainiraggks and populations have differed
somewhat, the goal of these focused training prograas remained similar: to discover
whether memory training tasks can improve perforeareyond training to nontrained
tasks of spatial and verbal working memory, attentand other cognitive functions.
Training in these studies is generally referredgavorking memory training regardless
of the specific components of working memory thattaained (Gathercole & Dunning
2009; Klingberg et al., 2002; Klingberg et al., 20Thorell et al., 2009; Westerberg et
al., 2007). Furthermore, strictly speaking, sorh#he previous “working memory”
training studies may not actually tap working meynoer se because they only involve
short-term storage and recall of information antthe involvement of the central
executive. Following the terminology establishedhe extant literature, the term
working memory training will be used to refer taitring tasks even when they may only
require spatial short-term memory and/or verbattstesm memory without apparent
involvement of the central executive.

Behavioral studies.

Behavioral studies of working memory training hasreealed performance
changes on untrained tasks thus providing suppdhtet notion that training on a specific

task may affect broader areas of executive functgp(Gathercole & Dunning 2009;
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Klingberg et al. 2005; Thorell et al., 2009; Webtag et al., 2007; Shalev et al., 2007).
Klingberg et al. (2002) set out to investigate plossibility of improving working

memory capacity in children with ADHD, with the pretion that such an improvement
would result in a decrease in symptoms of ADHD a khouble-blind design, fourteen
subjects ages seven to 15 were divided into traatared control groups. Training
sessions were implemented four to six days per weeka period of five weeks.
Sessions for the treatment group lasted about Bbtes. Three tasks of working
memory were included: a visuospatial task whicquined replication of a sequence of
circles presented on a four by four grid, a backisatigit span task which presented
digits both visually and auditorily, and a lettpas task also presented auditorily. Both
visual and verbal feedback was provided to theesatbj An adaptive and control group
performed similar activities, but the control grazgmpleted only 10 trials per task each
day in contrast to the 30 trials completed by thatment group. Additionally, the
difficulty level was adapted or adjusted as a ttesiuperformance throughout the course
of the training for the adaptive group only. Résghowed that adaptive training led to
improvement on a nontrained task of visuospatiakimg memory as well as on a Stroop
or inhibition task and the Raven’s Progressive Mag. A reduction in the number of
head movements during a continuous performancenaslalso reported for the adaptive
group. A smaller, second experiment in this stidjuded university students who had
not been diagnosed with ADHD. Results of this gttevealed a similar trend for
improvement on the nontrained test of working memtire Stroop task, and the Raven’s

task. Such findings reinforce the notion that vilmgkmemory is a dynamic trait subject
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to improvement through training and that trainiag generalize to nontrained tasks
(Klingberg et al., 2002).

Based in part upon previous studies in which trggnmproved working memory
performance on nontrained tasks as well as findingsindicated an increase in cortical
activity following working memory training (Oleset al., 2004), Klingberg et al. (2005)
implemented a visuospatial working memory task andrbal task with children
diagnosed with ADHD. The visuospatial task imnemlvemembering the position of
objects on a four by four grid, and the verbal teesfuired remembering phonemes,
letters, or digits presented both visually and eurdy. Responses were made on a
computer screen through the use of mouse clickskd'were adapted in length to match
the working memory span of the subjects on a byatrial basis for the treatment group
but remained at two or three items for the corgroup. At post training sessions both
five to six weeks and then three months following baseline measures, subjects in the
treatment group showed significant improvement camg to the control group on the
visuospatial Span board task. Additionally, theatment group showed improvement on
a number of executive tasks including digit spam@ time, and Raven’s matrices.
These results are in line with those of other ggsidDlesen et al. 2004) which revealed a
transfer from training tasks which did not inclygteblem-solving or response inhibition
to nontrained executive tasks. Klingberg (201@posed that common recruitment of
the prefrontal and parietal cortices in tasks ofkiviig memory and reasoning may
explain the generalization from visuospatial tnagnto reasoning and response inhibition.

Additional support of this transfer comes fromadstof 18 adult stroke patients

(Westerberg et al., 2007). During daily trainimgsions, subjects completed a number of
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computerized working memory training tasks comgriseboth visual and auditory
stimuli. Some of the tasks were visuospatial tureawhile some included a verbal
element such as nameable objects or numbers. Wp®tchological test battery was
administered before and after implementation oftthming program. At the end of five
weeks of 40 minute daily training sessions, subjebbwed significant improvement
from pre to post training on performance of nomieal tests of working memory,
specifically the Span board and Digit span tesis)gared to a similar age control group.
More recent studies (Holmes et al., 2009; Thoredll ¢ 2009), have presented
similar findings in children with low working mempand with preschool age children.
Holmes et al. (2009) selected children ages eigttwith scores at or below the™5
percentile on tests of listening recall and backirdigit recall, both measures of verbal
working memory. Two groups completed computerizstks requiring the temporary
storage of visuospatial information, verbal infotioa, or combined visuospatial and
verbal information. As with the Westerberg et(2007) study, training included both
visual and auditory presentations. Subjects ih lgobups completed 35 minutes of
training for 20 days over a five to seven weekqukriln one group the training was
adaptive in nature allowing the difficulty of theesk to match the subject’s current
memory span on a trial-by-trial basis. The othewug was presented with a non-
adaptive version of the tasks that was set atealfsequence length of two items per trial
throughout the entire training period. Resultesded a significant improvement by the
adaptive training group on tasks of verbal shamitenemory, verbal working memory,

and visuospatial working memory as compared to neesbf the non-adaptive group.
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Furthermore, the gains which resulted from traimeigained significant for the adaptive
group six months after training (Holmes et al., 200

In another adaptive training task, Thorell et 20q9) trained four and five year
olds with a visuospatial memory task. Subjectsawmesented with a visual sequence on
a computer screen and then asked to replicaterttee and location of the lighted
sequence through the use of mouse clicks. Traiiok) place for fifteen minutes each
day of preschool attendance for a five week periogporovement occurred from pre to
posttest measures on the Span board task, a madresst of visuospatial working
memory. Improvement also occurred for a word dpak identical in nature to the digit
span subtest of the WISC-III but which requiredet&n of unrelated nouns instead of
digits. The results from this study revealed twmportant findings. First, children of
preschool age showed improvements in cognitivetions following working memory
training, though the authors admitted that add#i@tudies should be designed to
investigate any lasting effects. Second, deshéddct that training only involved tasks
of visuospatial memory, a transfer effect to taskgerbal working memory occurred.

Bauernschmidt, Conway, and Pisoni (2009) utilizezl¢olor sequence touch
screen monitor task previously described with aigrof 31 subjects ages 18 to 33 in a
sequence learning training study which also rewkaftects of adaptive training.
Subjects were randomly divided into three groupglvidetermined the type of color
sequences to be presented. The adaptive, comstrginup was presented with
sequences determined by an artificial grammar.u&see length increased or decreased
according to a two-up, two-down metric. In theymk@®random adaptive condition,

sequences also changed length based upon thetoesgof a response, but they were
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not governed by an artificial grammar. Sequencdke pseudo-random, non-adaptive
condition were not generated by an artificial graaniend varied in length randomly
between four and 16 elements. Unlike previoudistudescribed above, the training
phase in this study was extremely short, takingelaver a period of just four days.
Analyses of a spoken sentence perception tasigttbep test, the Raven’s matrices, and
an implicit learning task suggested that subjeetsehitted from the adaptive condition
and even more so from the probabilistic naturdnefdonstrained sequences in the
adaptive condition. The positive effects of thenbaned probabilistic structure and
adaptive format provide implications for future Wimg memory training studies
(Bauernschmidt et al., 2009).

Finally in a study of cochlear implant subjectspKenberger et al. (2010)
reported positive effects from a computerized trajrprogram. This trial study was
designed to investigate the feasibility and efficatthe Cogmed Working Memory
Training program for use with children who had reed cochlear implants. Nine
subjects ranging in age from seven to 15 years paokin screening and pretraining
assessment sessions followed by training and thepost training assessment sessions.
The training included 12 computer-based activitezpiiring auditory, visuospatial or
combined auditory-visuospatial short-term and wogknemory skills. Each training
session presented eight of the 12 possible exerais# took place in homes of the
participants for 30 to 40 minutes per day five degsh week for a period of five weeks.
Similar to other training programs, the Cogmed eises increased in level of difficulty
as subjects progressed. The authors reporteahificagt improvement on measures of

digit span and spatial span following training. ditbnally the participants showed a
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transfer from training to working memory tasks mproving on the language task of
sentence repetition. This improvement remaineqifstgnt at a six month follow-up
assessment. It was noted that the study lackéatalmp group and that other
assessments of speech and language ability magdiralole. The authors asserted,
however, that these results lend further suppatieéadea that a period of auditory
deprivation and the resulting atypical auditory éx@nces for cochlear implant users—
and arguably all children who are deaf or hardezring—may indeed have a broad-
reaching impact on the development of a host ofewagnitive functions such as
attention, sequential processing, working memany, @ther tasks of executive function
(Kronenberger et al., 2010). Positive effectsraining, therefore, give promise to the
idea of improving these cognitive functions andssaguently the skills which enlist
them.

Additional training studies have focused on slaliser than working memory
with positive effects as well. Temporal processias the target of one such study
(Merzenich, Jenkins, Johnston, Schreiner, MilleTd&lal, 1996). Based upon findings
which revealed deficits in temporal processing biyjdcen with language-learning
impairments and guided by the hypotheses that#fisit resulted from atypical
perceptual learning, Merzenich et al. (1996) desiiga training regimen which included
high interest audiovisual activities. One taskuregf replication of a nonverbal sound
sequence through touch screen button pressesotfibewas a forced-choice task
requiring the subject to identify the sequencetpmsiof a target combination in a
contrasting consonant-vowel combination. Trairongooth tasks was adaptive in nature.

Following intensive practice totaling five to 10ure over a 20 day period, subjects
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showed significant improvement on a test of temigmracessing ability. Because
deficits in temporal processing contribute to abmarlanguage learning (Merzenich et
al., 1996) these findings point to the potentialifoproving language function through
adaptive sequence training.

A study by Shalev et al. (2007) was aimed at imp@wattentional functions of
children diagnosed with ADHD. The study was madtebby the fact that children with
ADHD often receive low grades in academic subjaois low grades on standardized
tests of reading, spelling, written language anthraa well as the belief that this deficit
results in part from a poorly functioning attenabsystem. Thirty-six children ages six
to 13 were divided into three groups. Twenty tpakt in a computerized progressive
attentional training (CPAT) program consisting 6fdne-hour sessions over an eight
week period, while 16 formed a control group thHalypd computer games and performed
a variety of pen and pencil activities (Shalevlgtz007). Tasks were both visual and
auditory in nature. Measures on pre and postrireat evaluations revealed a significant
improvement on nontrained measures of reading celngmision and passage copying for
the children in the treatment group. The autinote two key components of the
treatment: subjects were provided feedback througthe sessions and the exercises
were adaptive in nature. The authors creditecbfiiee attentional training program with
improvements on the copying and reading comprebartasks. Improvements on these
tasks which require the efficient use of attenti@yatems were not displayed by the
control group. Additionally, ratings obtained thgh parental reports revealed a
substantial reduction in symptoms of inattentiod hgperactivity for children in the

treatment group following treatment (Shalev et2007).
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In summary, the adaptive training studies preseab&de provide evidence of
improvement on a variety of nontrained visual aatbal tasks of working memory as
well as prefrontal and executive function tasksarhplex reasoning and inhibition.
While many studies have incorporated both visudlanditory components into their
training (Klingberg et al., 2002; Klingberg et &Q05; Kronenberger et al., 2010;
Westerberg et al., 2007), improvement has also beewn following training that was
purely visual in nature (Thorell et al, 2009). alddition, training studies which did not
focus on working memory skills revealed improvementasks of temporal sequencing
(Merzenich et al., 1996) and attention (ShaleV.e@07). Working memory is a key
component of language development and languag)isestial in nature, therefore
improvement from training on phonological memoryg &equencing tasks has the
potential to carry over to more general languad@ted skills including vocabulary and
syntactic development.

Neuroimaging studies.

The previous section demonstrated the behavioiedtsfof training programs on
a variety of memory and sequencing tasks. Otheglied have investigated the neural
mechanisms underlying these visible effects (C@&ti3' Esposito, 2003; Funahashi,
2001; Olesen et al., 2004; Smith & Jonides, 1999 widely accepted that levels of
brain metabolism increase and rapidly achieve dewudlls as children mature, yet not all
areas of the brain develop at the same rate (Gatleer1999). The frontal lobe, and
more specifically the prefrontal cortex, is citedaalate maturing cortex that does not
reach full maturity until adolescence (Fuster, 200Ihe prefrontal cortex is thought be

responsible for mediating working memory processes implementing executive
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processes and as such plays a large role in hoglgaitive functions (Smith & Jonides,
1999). To review, executive function describessytem responsible for planning,
decision-making, monitoring, and anticipating asndealated to the prefrontal cortex
(Funahashi, 2001). Executive control is neceskarthe coordination of the motor,
perceptual, and memory processes in order to aelsigecessful functioning and is a key
function of the central executive in the Baddelag &litch model of working memory.
Key among the executive processes are the corftoagmition and attention which
involve switching from one source of informationaother or focusing on one source,
temporally organizing responses to immediate stimubnitoring current information,
accessing and manipulating information in long-tenemory, and planning complex
tasks in order to achieve a future goal (Funah&$li1).

A number of neuroimaging studies support the cormmebetween working
memory capacity and the prefrontal cortex. Some lpgiovided evidence to suggest that
even training tasks that appear to involve onlysteym storage of information actually
result in changes to the neural functioning ofghefrontal cortex, an area believed to
mediate the processing of the central executivet(€& D’Esposito, 2003; Olesen, et
al., 2004). Olesen et al. (2004) had subjectstipathree computerized visuospatial
memory tasks for a period of five weeks. Use oictional magnetic resonance imaging
(fMRI) before, during, and after training showedreased activity in the prefrontal and
parietal cortices as a result of training. Sinyla€Curtis and D’Esposito (2003) reported
sustained prefrontal cortex activity during dela&yipds preceding the response portion
of a visual working memory task. The former stualuded neuropsychological tests as

part of the pre and post training evaluation. 8cisj showed significant improvement in
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performance on the Span board task and the Digit &gsk, and in time on the Stroop
test, illustrating not only improvement on a similgpe task but also transfer to
nontrained tasks of working memory as well. Aughivom both studies asserted that
cortical prefrontal activity is a component of wmdx memory and increases in activity
during or following working memory training suggesf plasticity in the neural systems
supporting working memory (Olesen et al., 2004).

Given the evidence of prefrontal activity and ##ation to executive function,
Funahashi (2001) proposed that the prefrontal xateld be the center for executive
control and as such was responsible not only foirgl and processing information, but
also for assessing the input and providing inforamato neuronal systems to direct the
processing of information in these systems. Thegsses of perception, motor control,
and memory must be coordinated to accomplish glestaf anticipating, planning,
monitoring, and decision-making (Funahashi, 20U0hg evidence suggests that
improvement on a visuospatial training task affesral functioning of the prefrontal
cortex and thus, perhaps by extension, executivetitns more generally. The
involvement of the prefrontal cortex in executiveqesses (Funahashi, 2001; Smith &
Jonides, 1999) and evidence of increased prefrantality during spatial memory tasks
(Curtis & D’Esposito, 2003; Funahashi, 2001; Oleseal., 2004; Smith & Jonides,
1999) thus lend support to the notion that impropedormance on memory and
executive function tasks following training on awospatial task may carry over to other
tasks involving different skills, including thosequiring verbal memory or executive

processing.
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Neuroimaging studies provide additional suppothsbehavioral studies with
physical evidence of changes in the brain durinfplblowing training. These data
support the claim that cortical plasticity is pdtatly an underlying contributor to
improvement on cognitive and memory tasks andithptovement in prefrontal cortex
functioning and the subsequent affect on diffecargnitive tasks may indicate a
multimodal aspect of the prefrontal cortex (Oleseal., 2004). Results from other
studies have demonstrated that verbal, objectysul working memory stimulus
materials activate identical prefrontal areas (Ov&terns, Look, Tracey, Rosen, &
Petrides, 1998; Postle, Berger, Taich, & D'Espo20®0). Previously outlined findings
revealed that working memory (Adams & Gatherco95t Spiedel, 1995) and
sequencing ability (Conway et al., 2009; Saffraalgt1996) are both related to language
performance. Additionally, there is evidence tinaining leads not only to improvement
on a trained task but also results in transfetthemtasks of working memory or
executive function. If working memory and sequeleegning abilities are not
necessarily fixed as these results indicate, themutilization of training tasks with
children who are deaf or hard of hearing offersyusing implications for the
improvement of language skills.

This introductory section has focused on a numbkey issues related to the
varied and often poor language outcomes of children are deaf or hard of hearing. It
has been noted that normal hearing acuity affoxgesure to serially ordered events and
as such can be considered the foundation upon veeighential learning is built
(Conway et al., 2009; Furth & Pufall, 1966). A iperof auditory deprivation can result

in cortical reorganization and subsequent defigenin sequencing ability which in turn
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can lead to atypical development of speech andukzge skills (Sharma & Dorman,
2006). A number of studies have revealed delayetficient performance on a variety
of memory, sequencing, and executive control tagkshildren who are deaf or hard of
hearing. Neuroimaging and behavioral studies li@eonstrated success in the use of
interventions aimed at improving working memoryliski The involvement of the
prefrontal cortex in executive processes (Funah&¢ldil) and evidence of increased
prefrontal activity during spatial memory tasks (& D’Esposito, 2003; Funahashi,
2001; Olesen et al. 2004; Smith & Jonides, 199fpsett the notion that training on a
visuospatial task may carry over to other taskslwing different skills, including those
requiring verbal memory or executive processingecHically, training programs have
resulted in improvement on some tasks of memorysagdencing ability. Training tasks
implemented with children diagnosed with ADHD (Kdimerg et al., 2002; Shalev et al.,
2007) or low working memory abilities (Holmes et &009) as well as children with
cochlear implants (Kronenberger et al., 2010) ldamonstrated improvement on some
cognitive tasks. These findings make it importardiscover the specific skills which
are delayed in children who are deaf or hard ofihgand to consider possible
interventions which may reduce the variability amghrove the language outcomes for all

children who are deaf or hard of hearing.
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Chapter II. Aims and Rationale

The aim of this study was twofold. The first goals to substantiate group
differences reported by other researchers (Codi@u3; Conway et al., in press; Ling,
1975; Pisoni & Geers, 2000) between children wifiidal hearing and children who are
deaf or hard of hearing on specific tasks of memseguencing, and executive function.
Because many of these studies measured performanmee type of task, it was
necessary to determine if differences betweenviloegroups existed across a variety of
cognitive tasks. Understanding the sources ofimae in speech and language outcomes
is a challenging problem faced by parents, edusatardiologists, and researchers as
decisions are made regarding devices and educhfibim@sophies. Discovering the
specific tasks on which children who are deaf odltd hearing perform differently than
their typically hearing peers may help identify geal cognitive deficits and further
inform theories about the cascading effects oftaugldeprivation on other cognitive
functions. In addition, once differences can destantiated, techniques and strategies
may be developed to improve skills that are delayedieficient among this population.

The second aim of this study was to determine fieets of a visuospatial
sequence training regimen on performance of takghanological memory, sequencing,
and executive function with children who are deahard of hearing. Given that children
who are deaf or hard of hearing often display poaerking memory and sequencing
skills (Pisoni & Geers, 2000; Conway et al., 20444l considering evidence that these
deficits may be causally related to language oue(dams & Gathercole, 1995;
Conway et al., 2009), the present study proposatditiplementing an adaptive

visuospatial sequence training task would improségsmance on a variety of cognitive
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tasks which may carry over to language performaniceisuospatial sequence training
leads to improved sequencing or verbal performameeresearch setting then it is
possible these gains would result in improvementseasures of vocabulary and
language ability and help to narrow the gap betwdlidren who are deaf or hard of
hearing and typically hearing children.

Specifically, this study implemented a computetijzdaptive visuospatial
sequence training task over 10 sessions. A setuetask was selected because
sequencing skills have been shown to underlie lagg@acquisition. In addition it has
been revealed that even tasks of short term menasgjt in changes in neural
functioning of the prefrontal cortex, an area intpot for tasks of executive function
(Curtis & D'Esposito, 2003; Olesen et al., 200Berformance over time on the
visuospatial sequencing task was evaluated as gr&smance during one pretraining
and two post training assessment sessions. Tbwea for comparison of the two
groups prior to the start of the sessions as vediha determination of any immediate or
delayed improvement.

Pre and post training cognitive measures were chibbased upon their relation to
language development and academic success andeddasks of phonological
memory, sequence ability, and attention and exeeditinction. The names and
descriptions of the measures are listed below:

1. The Children’s Test of Nonword Repetition (CNReg@tlBercole and
Baddeley, 1996) measured phonological short-terrmong. This verbal
test was selected because of its high correlatidmwecabulary scores,

language comprehension, working memory, and spgecduction. Links
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between nonword performance and language skille baen shown to be
higher and more specific than those obtained foerophonological tasks

such as auditory digit span (Gathercole et al.41.98mprovement on this
task would suggest potential for growth in languskjés.

2. The NEPSY-II (Korkman, Kirk, & Kemp, 1998) inhibatin subtest
measured the executive process of interferenceatantinhibition.
Inhibition is controlled by the central executiose of the main
components in the Baddeley and Hitch model of warknemory. This is
another verbal task and improvement would inditatesfer from a visual
trained task to a nontrained verbal task, a regli¢ch could have broad
implications for improving language outcomes.

3. The Wide Range Assessment of Memory and Learnicgr@kEdition
(WRAML2; Sheslow & Adams, 2003) finger window tasfovided a
measure of visuospatial short-term memory. Thisvedoal task was
most like the visuospatial sequencing task andseected to determine if
improvement from practice would transfer to a samiontrained task.

4. The final assessment utilized a computerized sexpuierarning task to
assess visual sequential memory ability. Colorldadk and white
versions of this task allowed for comparison of roy@ment in
sequencing ability with verbal and nonverbal stimdlhis test will be

explained in greater detail in the materials aratedures section.

This study built upon some important componentgref/ious computerized

training studies. Specifically it was adaptivenature, with sequences adjusting in length
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based upon subject response. Many previous tgastirdies have demonstrated the
effectiveness of adaptive training (Conway et2010; Holmes et al., 2009; Thorell et
al., 2009; Klingberg et al., 2002; Klingberg et @005; Westerberg et al., 2007).
Additionally, the visuospatial sequencing task wasrely visual. Studies which have
incorporated both visual and auditory componertstime training program are unable to
make a clear determination regarding which metHddhasmission brought about an
effect. Some studies providing only visual, nomatistimuli have reported a transfer to
verbal tasks (Olesen et al., 2004; Thorell et2€109). Therefore, utilizing only visual
stimuli in this study ensured that any effects ddu attributed to the visual nature of the
task. In addition, by eliminating auditory stimérom the visuospatial sequencing task,
any variability in speech or sound perception abgiamong the children who were deaf
or hard of hearing and in comparison to the childugth normal hearing was removed as
well.

Although some features were based upon prior sguthes study was unique in a
number of ways as well. The first unique featurths study was the duration of the
task. Although subjects in most previous studeemeted 20 or more training sessions
carried out over periods of five to eight weekg, ¥isuospatial sequencing practice in
this study took place over the course of 10 sesdioa 2 to 2 Y2 week time frame
(average length was 18 days; range 14 to 29 days).10 day practice regimen was
proposed for the current study based upon the tobsslts of training with adults
following just four days of training (Bauernschmettal., 2009; Conway,
Bauernschmidt, Smith, & Pisoni, in preparation) sécond unique characteristic of this

study was that immediate and more lasting effeittbatable to the visuospatial
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sequencing task were evaluated by testing all steog three separate sessions. A
pretraining session took place within one weekriodhe start of the first visuospatial
sequencing session. The first post training ags&sswas given within one week of the
completion of the practice sessions, and a secosttfining assessment session took
place four to six weeks after the first post traghassessment.

A final difference between this and other studies welated to its participants.
This is believed to be the first study designetrtprove performance through training
which included both typically hearing and deaf archof hearing children. It was
important to include both groups not only to deteerdifferences on tasks but also to
determine the effectiveness of visuospatial sequagrractice for both groups as well.
Additionally characteristics of the deaf or harchefiring subjects in this study differed
from those in recent studies. Unlike the studybgnenberger et al. (2010), the deaf or
hard of hearing subjects in the present study wetexclusively cochlear implant users.
Children diagnosed with a hearing loss have aledepced a period of auditory
deprivation. Whether these children are ultimatiétgd with hearing aids, cochlear
implants, or a combination of the two devices, aqokeof atypical auditory input could
potentially result in a cascading effect on workmgmory, speech, language, and even
reading outcomes (Conway et al., 2009; Sharma &Mor, 2006; Watson et al, 2007).
It was therefore important to include childreneittwith different types and combinations
of devices and with a range of hearing loss. Tlkelen in this study who were deaf or
hard of hearing can be classified into one of tly®eips: a group who wore two hearing
aids (n = 10), a group fitted with one hearingamnd one cochlear implant (n = 11), and a

group with bilateral cochlear implants (n = 11).
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In summary, this study was uniquely designed testigate possible differences
in cognitive skills between children who were deahard of hearing and children with
typical hearing. These differences are importartdtermine because they may provide
information about the underlying causes of pooglege outcomes as well as insight
into the cognitive functions which may be impadbgdh period of auditory deprivation.
The first hypothesis of this study was that differes between children who are deaf or
hard of hearing and children with typical hearinguld be revealed for a number of tasks
enlisting a wide range of cognitive abilities. &@fgcant differences were expected on
verbal tasks with both auditory and visual stimsiiecifically the test of nonword
repetition, the NEPSY-II inhibition task, and trejsence learning tasks with color
stimuli. In addition differences were anticipatadthe nonverbal visual WRAML 2
finger window sequence task. It was uncertain ireperformance on the sequence
learning tasks with black and white stimuli woulel significantly poorer for the children
who were deaf or hard of hearing.

The visuospatial sequencing task was implementeétermine any effect on the
trained task as well as nontrained verbal and nivaveneasures of memory and
executive function. It was important to implem#ns visuospatial sequencing task
because improvements by children who are deafmk dfahearing on cognitive tasks
could potentially extend to the areas of speecigudage, and possibly even reading.
Subsequently, the potential to improve languageraading skills could have a major
impact on educational techniques and strategiesiinghtely on educational outcomes
for all children who are deaf and hard of heariitpe second hypothesis of this study

was that visuospatial sequencing practice would teamproved performance on a
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variety of cognitive tasks. Specifically it wadiaipated that visuospatial sequencing
performance would improve for all subjects overeinin addition, it was anticipated that
subjects in the adaptive condition would improvevmual and auditory tasks that were
verbal in nature (nonword repetition, inhibitiomdasequencing with color stimuli) as
well as on nonverbal visual tasks (WRAML 2 visudsagasequencing and sequence
learning with black and white stimuli). Moreovegnnsidering the probability that the
children who are deaf or hard of hearing would destiate poorer performance as
compared to their typically hearing peers on prnetng assessment measures, a greater

benefit from visuospatial sequencing practice waeeeted for this group.
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Chapter Ill. Method

Subjects

Children with typical hearing were recruited forstistudy from a local parochial
school. The subjects who were deaf or hard ofihgavere recruited from two private
oral schools for the deaf in the St. Louis metrgpolarea. All subjects participated on a
voluntary basis. To thank the subjects for thantipipation and to maintain their
interest, subjects were given stickers or a pié@andy following each visuospatial
sequencing session and a small prize worth less$240 in value upon completion of
the first post training session. Inclusion créefior the deaf or hard of hearing children
consisted of the following: subjects were five foykars of age, diagnosed with a
hearing loss at or before age three and one Hatfeg in a listening and spoken language
educational environment, and from a primarily Esigispeaking environment. Children
who were deaf or hard of hearing were excludelddfthad any other known cognitive,
motor, or sensory impairment--aside from a heainmgairment. Inclusion criteria for
children with typical hearing included the followsin subjects were five to 11 years of
age and native speakers of English. Typicallyingachildren were excluded if there
were any reports of cognitive, motor, sensory,pmesh impairment. Children from both
groups were allowed to participate in the studyaifents reported that their child had a
diagnosis of ADHD, and no children were excludesidobupon ethnicity or
socioeconomic status. The lowest age was clexséme children could be expected to
complete all assessments as well as the visuokpatjaencing task and in order to
maximize the number of deaf or hard of hearingettisjthat could be obtained for the

study. Approximately seventy-five recruitment kets were sent home to parents at the
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parochial school and fifty to parents of childreéteading the schools for the deaf. Each
packet included an informational cover letter, i@fquestionnaire, and a behavioral
consent form. A copy of the parent questionnaae lze found in Appendix A. This
study was approved by the Human Research ProteOfioze (HRPO) of Washington
University.

Responses were received from a total of 61 suyj@etwith typical hearing and
32 who were deaf or hard of hearing. All met thewe inclusion criteria and were
therefore included in the study. According to pareports, English was the primary
language spoken in all households though four pyiroaretakers for the children who
were deaf or hard of hearing did report fluencgmother language—German, French,
Hindi, and Somali. None of the caregivers repoeed additional diagnosis other than
ADHD for any of the subjects. For both the typigdlearing and deaf or hard of hearing
groups, children were age matched within their grand assigned to either control or

adaptive conditions.

Typically hearing group.

Twenty-nine children with typical hearing participd in the study. Eleven
subjects were male and 18 were female. Mean agbdayroup was 7.8 years (SD: 11.6
months, range: 6.6 to 9.7 years). At the timegaihing and testing 15 subjects were
enrolled in first grade, eight subjects were inosecgrade, and six subjects were in
fourth grade. None of the parents reported theit thild had been diagnosed with
ADHD.

Deaf or hard of hearing group.
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Thirty-two children who were deaf or hard of hegrand attending one of two
private oral schools in the region participatethia study. Fifteen subjects were male
and 17 were female. Mean age for the group wage@ags (SD: 1.8 years; range: 5.3 to
11.8 years). Information regarding hearing loss te&ken from parent questionnaires and
provided limited general data. Etiology of heariags in most cases (n = 24) was
reported as unknown. Four cases were reportedragig (one hereditary of unknown
origin and three due to connexin 26 genetic mutdtiovo as a result of ototoxic
medication, one as a result of measles. One pdi@mipt respond to this question. Age
of identification ranged from birth to three andedrelf years of age. Severity of hearing
loss was primarily profound or severe to profound 21). All subjects were fitted with
two devices according to the following combinatiom&o cochlear implants (n = 11),
one cochlear implant and one hearing aid (n =drliwo hearing aids (n = 10). For
those subjects who had received cochlear implaras least one ear (n = 22), mean age
of first implantation was 3.5 years (SD: 2 yeaasige: 5 months to 8.7 years).
According to parent reports, eight of the childmethis group had been diagnosed with
ADHD. Subject characteristics for this group digplayed in Appendix B.

Pre and Post Training Assessments and Procedures

Peabody Picture Vocabulary Test (PPVT 4).

The Peabody Picture Vocabulary Test 4 (Dunn & D2@87) was used as a
baseline language measure prior to training, nahagssessment in the post training
sessions. The PPVT 4 provides raw and standardzaes of receptive vocabulary
ability for subjects ages 2:6 to 90+ years. Theary examiner administered this test to

all children with typical hearing prior to the dtaf the pretraining assessment session.
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For the subjects who were deaf or hard of heaP®R)/T 4 scores from the most recent
vocabulary testing session were obtained from ssessment administrators at the
schools the children attended. Children in orhbsts for the deaf typically receive
speech and language testing on an annual basuBethis test is designed to be
administered annually, additional testing outsitlthis timeframe would have been
invalid. All scores obtained from subjects who avdeaf or hard of hearing reflected
testing that had been completed less than onebgdare the start of the subject’s
participation in the study. In all cases test adstiation followed the same procedure.
The examiner displayed an easel with four pictoreg then said a word naming or
describing one of the pictures. The subject redpdrby pointing to one of four picture
choices or by identifying the picture by saying thenber located underneath the picture.
Pictures are divided into sets of 12 with all words: particular set being presented to
the subject. The test is terminated when a supjestides an incorrect response for eight
of the 12 words in a given set. Raw and standesces can be calculated.

Other assessments were used as pre and postdraieasures and can be
categorized as verbal or nonverbal depending upemneiquirement to provide a spoken
response or the possibility to apply a nameablereetce to the stimuli. Table 1 shows

the names and category for each of the measurdsruiee study.
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Table 1. Pretraining and post training assessnggatged by category

Verbal Assessments Nonverbal Assessments
* NEPSY-Il inhibition subtest «  WRAML 2 finger window subtest
e Children’s Test of Nonword e Sequence learning task with black and
Repetition white stimuli

* Sequence learning task with
color stimuli

NEPSY-II inhibition subtest.

The NEPSY-II (Korkman, Kirk, & Kemp, 2007) is a mepsychological
assessment depicting development across a rarigeadional domains in children
ranging from three to 16 years of age. This irttohisubtest can be considered a verbal
assessment because it displays nameable objecte@uites a spoken response from the
subject. Designed to be administered in two aedlparts depending upon the subject’s
age, the inhibition subtest addresses the domaatt@fition and executive functioning,
specifically assessing the ability to inhibit autttio responses and to switch between
responses. Subjects performed two or three pattssatask with two separate pages of
stimuli. The first page of stimuli contained adyaf black and white shapes, as shown in
Figure 1. The subject was instructed to name shape as quickly as possible.
Response time and the number of errors were reddrgéhe examiner. Following this
naming portion of the test, subjects were instittego through the page of shapes

again, but this time they were directed to saycleirwhen they saw a square and

52



“square” when they saw a circle. By naming theasiie shape they would be inhibiting
the automatic response of the actual shape nafagon of a novel response. For
subjects seven years of age or older, a third iswadl component of the test was
administered which required performing a switchiagk. Subjects were instructed to
say the correct name for objects that were shaldetf bnd the opposite name for shapes
that were filled in white. Following completion tife appropriate tasks with the page of
circles and squares, subjects were shown a page aid down arrows and instructed to
complete the same naming, inhibition and possibiyching tasks with a response of
“up” or “down”. As with the shapes, number of eg@nd completion time for the arrow
page were recorded. Results from both pagesmtibtior each of the tasks were added

together and converted into scaled scores.
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Figure 1. Shape page of the NEPSY-II inhibitsoitest
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Children’s Test of Nonword Repetition.

The Children’s Test of Nonword Repetition (Gathéec& Baddeley, 1996) is a
verbal assessment designed to measure phonolegidahg memory in children. This
task required that subjects listen to and thenatepensense words of varying syllable
lengths. A subset of twenty words previously rded for a study by Carter et al. (2002)
and used with permission of one of that study'$iarg was stored on a laptop computer
and presented to subjects via a loud speaker nbonta tripod across the table from the
subjects. Subjects were seated in front of theitmofacing the loud speaker. The
examiner explained to the subjects that they wbel “funny” or “not real” words and
instructed them to repeat back what they had he&wb practice words and responses
preceded presentation of the entire set of wor@mnsnire that the subjects understood the
task. Appendix C contains a list of the targetwords presented in this study. Each of
the twenty nonwords was presented following a taphe touch monitor by the
examiner. This manual pacing ensured that theestibpd sufficient time to produce a
response. The order of word presentation was ratydgenerated by a computer
program. Responses were recorded and later treedf@a W.A.S.P. (Windows
Analogue Signal Processor) software to digitakféed stored on the laptop computer.
The responses were scored in two ways. Firstwesg scored for overall segmental
correctness, meaning they did not contain any plogiazal errors. Second, they were
scored for syllable correctness. That is, for eamtword presented, the number of
syllables produced by the subject was comparedemtimber of syllables presented in
the target stimuli. If the numbers matched thenrdsponse was scored as having no

errors. If, however, the number of syllables pratiby the subject differed from the
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number presented in the target stimuli, the pradoavas scored as having a syllable
error.

Computerized sequence learning tasks.

A computerized visual sequence memory game, mo@déleda similar task
piloted with typically hearing adults (Bauernschtretlal., 2009) and based upon the
Milton Bradley “Simon” game, was selected to assessal sequence memory ability.
For this task, subjects viewed a touch-sensitivepgter monitor that displayed four
shapes. Similar to the Simon game, colors flagimetthen off to produce a sequence
which the participant was instructed to reproduSeveral different sequence learning
tasks, which can be categorized as verbal and noalvdepending upon the nature of the
stimuli, were presented to the subjects on thelt@aceen in a 2 by 2 grid format. Based
upon previous research (Dawson, et al., 2002; Rarasal., 1996) it is well established
that verbal rehearsal can play a role in recalitgins which lend themselves to verbal
coding therefore sequence learning tasks that piegeolored stimuli were categorized
as verbal tasks.

The repeating sequence learning task with colardtiwas carried out on a touch
screen monitor that displayed red, yellow, bluel green circles on a white background
as shown in Figure 2. Children were seated intfobthe touch monitor and told that
they were going to play a game. The test admatstitapped the screen to start a
demonstration. A trial sequence of length thrasifed on the touch screen. At the start
of a sequence one of the four colors flashed amaireed visible for 700 msec.

Following the appearance of the first color, theeso was blank for a period of 500 ms

after which a second stimulus appeared on the iscag@in remaining visible for 700
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msec. At the end of a complete sequence presamtatre was a 500 msec delay, and
then all four colors appeared on the screen at aloeey with the word “Done” displayed
in a box on the monitor. The examiner replicatezldcomputer sequence by tapping the
colors to match the stimuli presented and thenddpe “Done” box to indicate that the
response was complete.

Following the demonstration by the examiner, tHgextt was given the
opportunity to attempt the task. Once again d$eguence of length three was presented
to the subject. If the subject responded incolyetite sequence was presented again
until the correct response was given, thereby emgtinat the subject understood the
task. Following successful completion of the teafjuence, a white screen appeared
instructing the subject to, “Touch anywhere ongbeeen when you are ready.” As a
subject tapped a colored circle on the touch sdreessponse to the stimuli, that circle
flashed for 100 msec to provide visual verificatafrthe response. A tap on the “Done”
box by the subject signaled the computer to beggsgntation of the next sequence.
Twenty sequences were presented, beginning atugseg length of one stimulus and
increasing or decreasing in length according taexwap, one-down design. An incorrect
response to a sequence length of one resulte@ iregetition of the same sequence until
it was replicated correctly. For sequences twgreater in length, the sequence
decreased in length by one following an incorresponse. In the repeating version of
this task, a correct response on the first prefienteesulted in the repetition of that first
sequence along with the addition of a new stimulbsbsequent sequences continued to
build from previous presentations, increasing areasing in length according to the

one-up, one-down rule. For example, consecutiesgntations following correct
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responses could appearred, red-green, red-green-yellow with the sequence startii
over and repeatingnd lengtheninfor each successive presentatioerf@®mance wa

scored as the longest seqce that was accurately replicated.

Figure2. Sequence learning task with color stimuli

The novel squence learnir task with color stimuli followed process similar t
the repeating task in that the first sequence ptedeonestimulus Following a
successful response, the sequences then increadedreased according to the -up,
onedown metric mentioned above. The key differebetween the ovel task and the
repeating sequence learning t was that each sequence presentdtether longer ¢
shorter, waglifferent from the one that precede instead of repestg a previous
sequence ifengthened or shortenform. Therefore a sample novallor sequenc
following correct responsemight beyellow, blue-green, red-yellow-blue. A total of

twenty sequences weagainpresented. As with the repeatisgquence conditio
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correct or incorrect responses resulted in an asg®r decrease by one in sequence
length. Performance was scored as the longesereguhat was accurately replicated.

Two additional sequence learning tasks which @tliblack and white stimuli as
shown in Figure 3 were used in this study as wiellcontrast to the color stimuli, the
black and white stimuli do not readily lend themsslto verbal coding and as such these
sequencing tasks are considered nonverbal assassmenwas the case for the color
stimuli, the repeating sequence with black and evkitmuli followed a one-up, one-
down matrix with each longer sequence building up@vious ones. In this version, for
example, one correct and one incorrect responskterepresented in the pattéower
right; lower right, upper left; lower right, with a decrease in length from two back down
to one as a consequence of an incorrect respornbe Isyibject. Again twenty sequences
were presented and the score was based upon tpestsequence that was accurately
replicated.

The final sequence learning task was the novelwaitkblack and white stimuli,
another nonverbal task. As with the novel sequentask with color sitmuli, each
sequence presented was new and different fromréwoois one, again adhering to the
one-up one-down rule. Once more the longest ateseuence produced provided the

score for this task.
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Figure3. Sequence learning task with black and white sti.

Thenovel versus repeating versions of the sequenceihggtaskspotentially
identify different skills. Performance on the novel sequence learning required
immediate recall of novel or random informai. This might beconsidered true
measure of recall @hor-termmemory ability in contrast to the repeating seqedack
which involves some type of learning estorage of previously presen information.
Performance on the repeating sequéearning task with both ¢or and black and whit
stimuli is a likely indicaibn of implicit serial learning. Although a rule 's not directly
stated, subjectseeded to recaa previously presented stimulus while at the same
adding new information at the €. Unlike intermittently repeated sequences wt
reveal the Hebb effe¢Page, Cumming, Norris, Hitch, McNeil, 2006) the sequences
in this task occurred in succesn. Nevertheless it is still possible that the preation ol

frequently occurring sequences woreveal implicit serial learningbility.

(o)
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Wide Range Assessment of Memory and Learning Secodlition.

The WRAML 2 (Sheslow & Adams, 2003) can be admeristl to subjects ages
five through 17 and evaluates the ability for leéagrand memorizing information. The
finger window subtest utilizes a vertically positem card containing asymmetrically
located holes to assess visuospatial memory astddpn Figure 4. In this nonverbal
task no spoken response was required; the subjasksvas to replicate the actions of
the examiner. Holding the template in a verticaipon, the examiner poked a pencil
through holes in the card one at a time to creaegaence, with pokes paced at one-
second intervals. Sequences began at a lengtheabrothree depending upon the age of
the subject and increased in length throughoutthwese of the task according to the list
provided in the test administration manual. Suisj@eere instructed, and shown if
necessary, to use a finger to reproduce the sequére task was discontinued
following three incorrect responses in a row. Thenber of sequences produced

correctly was used in conjunction with the agehef $ubject to compute a scaled score.

Figure 4. WRAML 2 finger window subtest template.
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Equipment

All electronic-based tasks were administered vi&dlB6530b laptop computer
connected to a TYCO Electronics ELO TouchSystemitannComputer programs and
data related to sequence presentation and resparsesaved and later managed
through an E-Prime 2.0 software program on theolappbmputer. During testing and
training sessions the monitors was connected ttafitep. All subject responses were
made by touching the monitor and were stored ia s on the laptop.

Stimuli for the nonword test were presented throagiortable loudspeaker
(Anchor, Model AN-100) mounted on a tripod and pgosed one meter from the child at
ear level and Dazimuth. Wave file recordings of the speech dliimare stored on the
HP laptop and played at a level ranging from 633aB SPL, depending upon the
nonword presented, as measured by a Quest Teche®200 Type 2 sound level
meter.

Subject responses for the nonword task were reddhdeugh use of an Audio-
Technica lavaliere microphone attached to a RANELM®plifier and transferred onto
digital audio tapes via a Sony DTC-75ES Digital Au@iape Deck. Recordings were
later converted into wave forms via W.A.S.P. (Wing Analogue Signal Processor)
software and played back via the laptop computesdoring purposes.

Visuospatial Sequence Training

The visuospatial sequencing task implementatdignstudy was modeled after
one used in a previous study with typically hearnglts (Bauernschmidt et al., 2009)
and carried out on a touch screen computer mottigdrdisplayed a 4 by 4 grid of green

circles as shown in Figure 5. Computer tasks whrelsent sequences on a lighted grid
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and require replication through use of mouse cliekge been used in a number of
working memory training studies (Holmes et al., 20Qlingberg et al., 2005; Thorell et
al., 2009; Westerber et al., 2007) Similar to ¢hssudies, subjects watched as circles
flashed one at a time to present a sequence anattempted to replicate the sequence
by touching the circles on the screen in the saoation and order as they were
originally displayed. Circles flashed to a shatibloe when touched by the subjects in
order to provide verification of their tapped respe. A session consisted of 5 training
sets with 30 sequences presented in each set. |€wnpf one session took
approximately 35 minutes. Once the visuospatiglisacing regimen began, subjects
continued to complete one practice session eaclthégyattended school until ten

sessions had been completed.

Figure 5. Touch screen display for visuospatialisege training task.
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Two separate conditions of the visuospatial sequgrtask were implemented,
an adaptive condition and a control condition. Trhportance of using an adaptive
program in which the difficulty of the task matctiae subject’s current memory span on
a trial-by-trial basis has been supported in nunesgiudies (Conway et al., 2010;
Holmes et al., 2009; Klingber et al., 2002; Klinglpet al., 2005; Thorell et al., 2009;
Westerberg et al., 2007). This technique of adjgghe difficulty level of the task
automatically in order to closely approach the meneapacity of the participant has
been demonstrated to produce better recall rethatstraining with non-adaptive
sequences.

In the adaptive condition and unbeknownst to thé@pants, the sequences
shown conformed to certain underlying regularibestructure that changed on a daily
basis. In the Bauernschmidt et al. (2009) stuuig, tiype of constrained and adaptive
training resulted in a transfer to nontrained tasksvell as improvement on a sequence
learning task, therefore it was anticipated thet tlesign would help to maximize any
effects in this study. Sequences began at a lefdtiree with the start of each new set.
As with previous working memory training studiesggence length in the adaptive
condition increased in length according to a twotww-down design. That is, two
correct responses at a particular length resuttedsequence length increase of one while
two incorrect responses caused the sequence lenddtrease by one. An incorrect
response at length three resulted in the presentatia different sequence but the length
never decreased to less than three. At the eadalf set of 30 sequences, a score
appeared on the screen as a means of providingatioti and reinforcement to the

subjects.
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In contrast, sequences presented to subjects totiteol groups were non-
adaptive, meaning they remained at a constantHaegiardless of the correctness of a
subject’s response. The sequence began at a lehtjitee and remained constant
during each session and throughout the duratidheo¥isuospatial sequencing regimen.
In addition, the sequences were randomly genetatede computer so they did not
conform to any underlying rule, with the excepttbat the same circle could not flash
consecutively in the same position. As reinforcetand feedback, subjects were
provided with a total score at the end of eachlblodicating the number of correct taps
they had completed in response to the stimuli prtese
Schedule of Testing and Training Sessions

All assessments were administered and visuoss&tiplencing sessions
supervised by the primary examiner. Sessions ptexdée in small rooms or offices with
minimal distractions at the school the child wasrading. Children were seated at a
table on chairs or benches. For computer taskgptich monitors were positioned on
the table at eye level and within an arm’s lendtthe subject. For standardized tests the
examiner sat next to the subjects in order to mdaip the necessary materials on the
table.

Subjects were matched by age in their respegtieps and divided into control
and adaptive conditions prior to the start of tegfind training. For the group with
typical hearing, 15 subjects were assigned to daptve condition and 14 to the control
condition. Among the children who were deaf ordhairhearing, 17 were assigned to the
adaptive condition and 15 to the control conditi@evice type was a blind factor in the

assignment to the adaptive and control conditiofimes for testing and visuospatial
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sequencing sessions were arranged with teacherscandl administrators so as not to
interfere with instructional time in the classrooithe pre and post training assessments
were administered individually to each child wittedks provided as necessary. Each
testing session took between 30 and 45 minutesrtplete. The same tests were used
and presented in the same order in all pre andtposing sessions. For each testing
session the following assessments were administered

1. Repeating sequence learning with color stimuli

2. Repeating sequence learning with black and whireuit

3. The NEPSY Il inhibition subtest

4. The nonword repetition task

5. Novel sequence learning with color stimuli

6. Novel sequence learning with black and white stimul

7. The WRAML-2 finger window subtest

Eight children who were deaf or hard of hearing aight in the typically hearing
group did not complete the novel sequence learaisks due to a delay in its readiness.
Additionally three subjects in the deaf or hardheéring group did not complete this task
due to judgment on the part of the examiner they there fatigued by the length of the
testing session.

Visuospatial sequencing sessions were startedmatie week of the pretraining
assessment session. Practice sessions took plettelay the child attended school until
10 sessions had been completed. Two or threerehildere grouped together for
sessions but were positioned in chairs at a talde that they could only see the touch

monitor directly in front of them. Each sessionkdoetween 25 and 35 minutes to
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complete depending upon the condition to whichcthitl was assigned. Time for the
adaptive group was generally longer than for th@rob group due to the potential for
increased sequence lengths. Two post trainingaissnt sessions took place upon
completion of the 10 practice sessions. The fiosit training session took place within
one week of completion to determine any immediffece A second post training
session followed four to six weeks after the fpgst training session in order to

determine if any effects were maintained over time.
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Chapter IV. Results

Overall means and standard deviations of eachechssessment measures used in
this study were calculated separately for the de&fard of hearing and the typical
hearing groups. Descriptive statistics for eadugrat each training session can be
found in Appendix D.1 through D.3. Appendix D.Intains subject age at the start of
the training phase of the study and both raw aaddstrd PPVT 4 scores in addition to
the assessment results.

Although the main focus of this study was to deiearifferences between deaf
or hard of hearing and typically hearing childranalyses were also performed to
determine whether the deaf or hard of hearing acinldliffered in performance based up
the type of assistive device worn. Device type @mathing condition information for the
deaf or hard of hearing subjects is shown in Appebd4. Results from analyses by
device type can be found in Appendix D.5.

Performance on Pretraining Assessment Measures

The first major aim of this study was to determivieether children who are deaf
or hard of hearing perform differently than typlgaiearing peers on a variety of
cognitive measures. Specifically, analyses wertopaed in order to determine
differences between these groups in performangaetraining assessment measures,
differences in correlations between vocabularyesand other assessment measures,
and differences in performance on the visuospatiglencing task.

A univariate analysis of variance (ANOVA) was penfi@d on all pretraining
assessment measures to determine the presencggaificant differences by hearing

status. Scaled scores were calculated for sukigtie WRAML 2 and NEPSY-II tests,
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but no standardized or scaled scores were availabtae nonword repetition test or for
the sequence learning activities. Therefore aealps these assessment measures were
performed using raw scores.

Verbal assessments.

Table 2 shows the means, standard errors andewahall tasks completed for
each of the verbal assessments (PPVT 4, NEPSKdIChildren’s Test of Nonword
Repetition, and the sequence learning tasks withr stimuli). For each of these
assessments significant differences by hearingstherged on at least one of the
subtests. Standard scores on the PPVT 4 reveaigaificant group difference, with the
typically hearing group greatly outperforming treaflor hard of hearing group< .001.
The naming task of the NEPSY-II also revealed aii@ant difference§ = .009), but
differences for the other tasks of this subtestditreach significance. For the raw score
assessments there were significant differenpes,.Q01) on the nonword repetition test,
both in the number of words correctly produced tnednumber of total syllable errors
made. Additionally, significant differences wesvealed for both the repeating and

novel sequence learning tasks with color stimuthips < .001.
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Table 2. Pretraining Group Differences and Sigatiices for Verbal Assessments by

Hearing Status

Deaf or Hard

Typical Hearing

of Hearing
Verbal Assessments Mean SE Mean SE t value
PPVT 4
Standard score 79.34 2.52 115.21 2.64 t(59) = 9.83**
NEPSY II Inhibition
Naming task scaled score8.83  0.59 11.33 0.70 t(49) = 2.73*
Inhibition task scaled
score 8.14 0.58 9.76 0.67 t(47) = 1.83
Switching scaled score 7.88 0.64 9.09 0.77 252
Naming vs. inhibition
scaled score 8.32 0.59 890 0.69 t(47)=0.64
Inhibition vs. switching
scaled score 7.62 0.42 8.18 0.50 t(25) = 0.85
Nonword Repetition
Number of words correct
raw score 3.09 0.52 13.18 0.56 t(58) = 13.34**
Total syllable errors
raw score 4.47 0.57 0.79 0.61 t(58) = 4.39**
Sequence Learning Task
Repeating sequence
with color stimuli
raw score 550 0.32 790 034 t(59) = 3.80*
Novel sequence with
color stimuli
raw score 3.90 0.25 5.05 0.24 t(39) = 2.90*

* p<.05. * p<.01.
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Nonverbal assessments

On the nonverbal assessments (WRAML 2 and the sequearning tasks with
black and white stimuli), some significant diffecess by hearing status emerged as well.
Performance on the WRAML 2 finger window task rdedaa highly significant
difference by hearing statys= .004. For the repeating black and white sequence
learning task, performance by the typically heagngup was significantly better than
the deaf or hard of hearing groygps .01, but there was not a significant difference on
the novel sequence learning task with black andendtimuli,p > .05. These findings are
presented in Table 3.

Table 3. Pretraining Group Differences and Sigatfiwes for Nonverbal Assessments by
Hearing Status

Deaf or Hard _ ,
Typical Hearing

of Hearing
Nonverbal Assessments Mean SE Mean SE t value
WRAML 2
Finger window task
scaled score 9.47 0.45 11.41 0.47 t(59) = 3.01**
Sequence Learning Task
Repeating sequence with
black and white stimuli
raw score 544 0.47 755 0.50 t(59) = 2.66**
Novel sequence with
black and white stimuli
raw score 4,12 0.25 468 0.24 t(34) = 1.43

* p<.05.*p< .01
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Thus overall findings from the pretraining assegsnsession revealed a
significant difference by hearing status for sixlod ten verbal tasks and two of the three
nonverbal tasks.

Correlations

Correlation analyses were performed in order tatifierelationships between
assessment measures as well as to determinel@timmship existed between receptive
vocabulary ability and any of the other assessnahtsinistered in this study. Of
particular interest once again was whether or @ationships were the same for both
groups that participated in the study.

The first set of analyses investigated the relatigmbetween the Peabody Picture
Vocabulary Test (PPVT 4) and all other assessmefltise. PPVT 4 is an established
language performance indicator and could therelytoddentify a potential relationship
between language ability and specific tasks indudehis study. For the NEPSY- II
and WRAML 2 assessments which allowed for the cdatpmn of scaled scores,
bivariate correlations were calculated using thg' PR standard scores. Partial
correlations using the raw PPVT 4 score with agered as a covariate were computed
for measures that only allowed for computationas¥ scores—nonword repetition and
the sequence learning tasks.

PPVT 4 correlations with verbal assessments.

For the group that was deaf or hard of hearind®R¥T 4 standard score was
highly correlated with a number of verbal taskslaswn in Table 4. On the naming and
inhibition tasks of the NEPSY- Il the correlationsre r(28) = .37p < .05 and r(26) =

.52,p < .01 respectively. There were no significant elations for the switching,
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naming versus inhibition, or inhibition versus shihg scaled scores of the NEPSY- II.
Significant correlations were revealed betweenrdinePPVT 4 score and two main
measures of the nonword repetition test. The nummbeonwords produced correctly
was highly and positively correlated with raw PP¥§cores, r(27) = .44,< .05,
whereas the correlation between raw PPVT 4 scor@satal number of syllable errors
was negative and significant, r(27) =-.9G; .01. Raw PPVT 4 scores were thus
significantly correlated with a greater number ofrectly produced words and also with
the production of fewer errors in replicating shlalength. Neither the repeating nor the
novel sequence learning tasks with color stimuliensggnificantly correlated with raw
PPVT scores.

Results for the group with typical hearing are shawTable 4. No significant
correlations were revealed between the standard’RP3¢ore and the scaled scores on
any of the NEPSY-II verbal tasks. No correlati@tvireen the PPVT 4 and the nonword
tasks were revealed. The raw PPVT 4 score didatevsignificant correlation with the
verbal repeating sequence learning task with csiloruli, r(26) = .54p < .01, though

the difference was not significant on the novelusege learning task with color stimuli.

72



Table 4. Correlation for PPVT 4 Scores and Verbedessments by Hearing Status

Deaf or Hard Typical
of Hkaring Hearing
Verbal Assessments
r af r df
NEPSY II
Naming scaled 374* 28 -.173 19
Inhibition scaled 523** 28 -.195 19
Switching scaled .339 14 .408 9
Naming vs. inhibition scaled .358 26 -.151 19
Inhibition vs. switching scaled .020 14 .566 9
Nonword Repetition
Number of words correct raw score 440* 27 .203 23
Number of syllable errors raw score -.503** 27 115 23
Sequence Learning Task
Repeating sequence learning with
color stimuli raw score .187 27 543** 26
Novel sequence learning with
color stimuli raw score 119 15 -.380 16

*p< .05, *p<.0L
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PPVT 4 correlations with nonverbal assessments.

Correlations between the PPVT 4 and nonverbal timskfe deaf or hard of

hearing group are displayed in TableResults revealed a significant correlation

between the WRAML 2 scaled score and the standaxdr® score r(30) = .48< .05.

For the repeating and novel sequence learning taskdlack and white stimuli, raw

scores were not significantly correlated with ra®MT 4 scores.

None of the three nonverbal tasks mentioned ab@re significantly correlated

with PPVT 4 receptive vocabulary scores for theugrawith typical hearing. Table 5

shows these results.

Table 5. Correlation of PPVT 4 Scores and Nonvefisakessments by Hearing Status.

Deaf or Hard Typical
of Hearing Hearing
Nonverbal Assessments R of " of
WRAML 2
Scaled score A429* 30 -.052 27
Sequence Learning Task
Repeating sequence learning with black
and white stimuli raw score .100 27 .346 24
Novel sequence learning with black 136 12 =230 14

and white stimuli raw score

*p <.05.**p<.01.
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In summary, the PPVT 4 was highly correlated witle aonverbal (WRAML 2)
and four verbal tasks (naming and inhibition taskéhe NEPSY-Il and nonwords
produced correctly and nonword syllable errors)t@r subjects who were deaf or hard of
hearing. Only the repeating sequence task withrasimuli was correlated with the
PPVT 4 for the typically hearing group.

Correlation between all assessments

An analysis was also performed to determine carogia between the
assessments. Results are displayed in Table 6th&aleaf or hard of hearing group, the
verbal nonword repetition tasks were significamtyrelated with the NEPSY-Il naming
task, another verbal task. Interesting correlatioetween tasks of the sequence learning
tasks emerged as well. Not surprisingly, the newel repeating sequence learning tasks
with color sitmuli, which lend themselves to verbatling, were significantly correlated,

p <.01. Additionally, the repeating sequence leagriask with color stimuli and the
repeating sequence learning task with black andevgtimuli were highly correlateg@,<
.01. These repeating tasks both require subjecttdin a previous sequence in memory
while adding new information. The novel sequemaening task with both color and
black and white stimuli were highly correlated wethch other as welb, < .01. Each of
these novel tasks presented unique sequenceshapreaentation and thereby utilized
short-term memory skills. Interestingly, the nosetjuence learning task with color
stimuli was significantly correlate@,< .01, with the repeating sequence learning task
with black and white stimuli indicating a relatidmg between a short-term memory task

with verbal stimuli and a repeated sequence legriaisk with nonverbal stimuli for this

group.
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Fewer significant correlations emerged for the graith typical hearing. The
nonword measures of total words correct and tgtidlde errors were highly and
negatively correlateqy < .01, but neither of these nonword tasks wasfstgntly
correlated with any other verbal or nonverbal assesnt measures. The repeating
sequence learning tasks with both color and blackvehite stimuli were correlated with

one another, though not as highly as for the debbad of hearing grougp, < .05.
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Table 6. Correlation Between all Assessments.

()]
o o =
0 2 . £ < S 2 o -
T 8 g5 § £ 2 3 g3 &8
s > o O % = § 23 x g
D9 29 c £ o =2 ) 8 o
© © o0 0o 4 S22 5 =0 o
S8 Sy 88 <0 ® © o = §SE F2°
=2 25 85 ¢53 o o B < Q3C TeE
S5 o6& 93 29 w w mw & ¢o8ad Bca
Z0 Z0o o Zo Z pd pd S ¥YgQ zZz=T O
Nonword
words
correct -570 .156 .174 455 232 -.354 .253 123 141
Nonword
syllable
Errors -707 -073 -345 -480 -.198 528 -320 -249 -015
Repeating
color
sequence .362 -.195 705 .189 -336 .244  .189  .705 436
Novel color
sequence .025-.294 .023 403 -318 .204 283 .840 721
NEPSY
naming .060 -.162 -.159 .268 220 .280 557 .086 .054
NEPSY
inhibition -407 .362 -356 .020 .490 .241 265 -404  -173
NEPSY
switching 216 .381 -635 -293 552 .215 416 =179 -279
WRAML -113 147 -271 357 350 595 110 276 .035
Repeating
BW
sequence 198 207 408 197 -250 -.092 -569 437 .691
Novel
BW
sequence -203 -183 293 159 -182 -205 -535 048 060

Deaf or hard of hearing on top right of diagona&gikes of freedom 7 — 30.
Typical hearing on lower left of diagonal; degreéfreedom 9 — 27.

Shaded cells indicate nonverbal measures.

Note: p< .05.p <.01 Underlining indicates significance on z testsdifferences between

correlations at the .05 level.
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Visuospatial Sequence Training Performance

Analyses were carried out to determine if perfarogachanged significantly
across the ten visuospatial sequencing sessionsnithal analysis was performed using
the mean percentage of sequences that were replicatrectly each day for each
subject. For this analysis performance was examnime 2 (Hearing Status) x 2
(Training Condition) x 10 (Time) repeated measWBOVA. Results did not reveal a
significant difference or any interactions for tineining condition, or hearing status,
indicating no substantial improvement on the taskefther group in either condition. A
significant difference for hearing status, howeweas revealed; (1, 54) = 12.19p =
.001

Performance was also scored by calculating an geeataily number correct.
Because sequence length did not remain constdin¢ iadaptive condition, however, it
was difficult to make comparisons in performancelmvisuospatial sequencing task
across the two conditions. Separate analysestiverefore performed for the adaptive
and control conditions. For these analyses pediag®a was examined in a 2 (Hearing
Status) x 10 (Time) repeated measures ANOVA.

The control condition presented five sets of 3Qusages comprised of three
flashes each for a total of 90 flashes in each ke number of flashes correctly
replicated for each of the five sets was averageaibtain an average daily correct score.
Results from analysis of the control conditionlboth the deaf and hard of hearing and

typically hearing groups are displayed in Figure 6
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Figure 6. Control condition daily average numbarect per set on the visuospatial sequence tigiaisk for
deaf or hard of hearing (D/HH) and for typicallyaneg (TH) groups.
Error bars represent standard errors.
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As Figure 6 indicates, performance by the subjetts typical hearing remained
basically flat across the visuospatial sequencasgisns while the subjects in the deaf or
hard of hearing group actually showed a slight eéi@se in performance over time.
Statistical analysis, however, revealed no sigaifteeffect for time for either group.
Analysis for the control condition, however, dideal a significant effect for hearing
statusF(1, 28) = 3.64,p = .003, with the deaf or hard of hearing group @ening at a
significantly lower level than the group with typldearing.

In the adaptive condition, sequence length changadwo-up, two-down design
as previously described. Thus it was possibleséguence lengths to be greater than
three and for the total number of flashes peresbetgreater than 90. As with the control
condition, total correct responses from the fivis seere used to compute a daily average
number correct. Due to the differing nature of ¢baditions, comparisons were made
between groups rather than condition. Results fteeranalysis of performance of both
subject groups in the adaptive condition can ba se&igure 7.

Once again the deaf or hard of hearing subjecteimeed at a level significantly
below their typically hearing peerfs(1,29) = 7.25p < .05. Performance over time
remained low and relatively flat for the deaf orchaf hearing group. The group with
typical hearing seemed to make some improvememisgithe first half of the sessions,
with performance leveling off during the second .hdlhe difference over time, however,
was not statistically significant for either groygps .05.

Performance for the adaptive group was also saacedrding to the longest
sequence length reached each day. This highedtias averaged for subjects in both

the typically hearing and deaf or hard of hearingugs. Neither grouped showed a
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significant increase in longest sequence length owve, but the difference by hearing

status was once more prese(it,27) = 5.44p < .05.
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Figure 7. Adaptive condition daily average numixarect per set on the visuospatial sequence tigini
task for deaf or hard of hearing (D/HH) and typigalearing (TH) groups.
Error bars represent standard errors.
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Major Effects of Visuospatial Sequence Training

The second major aim of this study was to determihnether a visuospatial
sequencing regimen affected performance on a nuaib&rbal and nonverbal tasks of
memory and other executive function tasks.

Nonword repetition performance was examined inldearing Status) x 2
(Training Condition) x 3 (Time) repeated measurdEOWVA with the last factor treated
as repeated measure with unequal spacing.

Nonword repetition: number of words produced corredly.

Analysis of total number of nonwords produced odiyerevealed a significant
effect for time,F(2,110) = 9.60p < .001. The number of words produced correctly by
the combined groups in both conditions and at ¢éesting session is presented in Figure
8. Performance increased from baseline (M = 8&d #)e first posttest (M = 9.21) with a
little change on the second posttédt<£ 9.18). Using Bonferroni correction, means were
significantly different jp < .05) from pretraining to the first posttest anohfi pretraining
to the second posttest. The figure illustratesadlaa group all the subjects improved in
the number of words produced correctly following thsuospatial sequencing sessions.
Not surprisingly, the main effect for hearing stawas also significarf(1,55) = 221.28,
p < .001, with the typically hearing subjects perforgibetter 1 = 14.00) than the
subjects who were deaf or hard of heariMg=3.70). Though not intended to display
significance, the lighter shaded area on the graptesents the portion of nonwords
produced correctly by the subjects who were deabod of hearing and the darker

shading represents typically hearing subjects.
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Figure 8. Number of nonwords produced correctlgratraining, posttest 1, and posttest 2 for combateaf or hard of
hearing (D/HH) and typically hearing (TH) groupsstérisks indicate a significant increase from @iaing to posttest
1 and from pretraining to posttest 2 for all sutgen both conditions.

Error bars represent standard errors.
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Additional analyses of correctly produced wordseveerformed at each of the 2,
3, 4, and 5 syllable lengths. Analysis of 2 syalvords produced correctly revealed a
significant effect for timel(2, 110) = 4.04p = .020. Performance increased from
baseline i = 2.24) to the first postted¥l(= 2.55) and then just slightly more to the
second posttesM = 2.56). The pretraining and second posttest seane significantly
different using Bonferroni correctiop € .05). The main effect for hearing status was
again significantF(1, 55) = 276.54p < .001. As anticipated participants with typical
hearing produced more 2 syllable words corredly=(3.96) than participants who were
deaf or hard of hearingA = 0.95).

Analysis of 3 syllable words produced correctlyaaled a significant effect for
time as wellF(2, 110) = 3.57p = .031. Performance increased from pretrainWg(
2.61) to the first posttesi= 2.94) where it remained largely stable to thmoed
posttestl = 2.92). The first two means were significantiffetent using Bonferroni
correction p < .05). The main effect for hearing status wgsificant as wellF(1, 55) =
160.88,p < .001; participants with typical hearing producedre 3 syllable words
correctly M =4.26) than participants who were deaf or hardeafring V1 = 1.39).

Analysis of 4 syllable words produced correctlyealed a different pattern of
results. Although the hearing status main effeeiragmerged (typically hearirg =
3.28, deaf or hard of hearimg = 0.68;F[1, 55] = 156.54p <.001), the performance over
time was more complex. The Hearing Status x Tmngii@ondition x Time interaction
was significantF(2, 110) = 4.07p = .02). As the means in Figure 9 indicate, subjec
with typical hearing in the adaptive group improvkdir performance from baseline to

both the first and second posttest sessions wieleantrol group showed no gain from
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pretraining to the first posttest and decreasedemumber of correctly produced 4
syllable words on the second posttest. Childrea whre deaf or hard of hearing in the
control condition started out with poorer perforro@athan the adaptive condition but
improved by the first posttest to slightly exceeajtive performance which showed no
improvement from pretraining to the first postteBly the second posttest subjects in the
adaptive condition did show improvement, produahghtly more correct 4 syllable
words than the control group. Follow-up comparsmevealed a significant difference
between the control and adaptive conditions forgitoeip with typical hearing at
pretraining,p < .05 using Bonferroni correction; however thideliénce was not
significant at either posttesting session. Sigaiiit differences by hearing status were

present at all testing sessions,psli< .001).
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Figure 9. Mean number of 4 syllable words produm@dectly at pretraining, posttest 1, and pos@estr Typically
Hearing (TH) and Deaf or Hard of Hearing (D/HH) gps in Adaptive (A) and Control (C) conditions.
Error bars represent standard errors.
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Analysis of 5 syllable words produced correctly ®@again revealed the hearing
status main effect again (typically hearidg= 2.60, deaf or hard of heariiy= 0.66;

F[1, 55] = 56.28p < .001). However no other significant results ayed.

In summary performance on the nonword task revestgdficant differences by
hearing status for total number of nonwords prodwmarectly as well as in the analyses
by syllable length for each of the 2, 3, 4, ang/lfable nonwords. The main effect for
time was present for total nonwords produced ctigrand for nonwords of 2 and 3
syllables in length indicating improvement followitraining for all subjects. All
subjects in the deaf or hard of hearing group shioseegne improvement on the 4 syllable
words. Additionally, there was a trend for theitghly hearing adaptive group to
improve more than the control group in the producdf 4 syllable nonwords, though
that increase did not reach statistical signifieanc

Nonword repetition: syllable errors.

In addition to calculating the number of words proed correctly, nonword
performance was also analyzed for number of sy@lablors made by subjects in their
imitations of the target words. Because the de&fod of hearing group was likely to
make more speech-related errors in their imitations&s thought that the number of
syllables produced would be a better indicatohefability to remember and produce
nonwords of varying lengths. In addition previsasearch has revealed a correlation
between the number of correctly produced syllabrethe nonword test and performance
on open-set word recognition tests and a testdit@y comprehension of language
(Carter et al., 2002). An imitation was countechayllable error when the number of

syllables produced in a subject’s response didmaith the number presented in the
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target word. A reduction in the number of syllabteors is an indication of improvement
in the ability to remember and reproduce a randamber of syllables and suggests a
positive effect of the visuospatial sequencing picac As with the number of words
produced correctly, a repeated measures ANOVA wdsimed for total syllable errors.
Initial analysis revealed the expected main effechearing statug;(1, 55) = 18.07p <
.001, with subjects who were deaf or hard of heamaking more syllable errordi(=
3.89) than subjects with typical hearirid € .50). A significant effect for time was also
revealed~(2, 110) = 5.07p = .008 with mean total syllable errors for all gdbs
decreasing from the baselind € 2.53) to each posttest session (postté4t=12.09,
posttest M = 1.96). The difference between the pretrainimg e second posttest was
significant p < .05) using Bonferroni correction. In additi@nsignificant Time x
Training Condition interaction was reveal&q?, 110) = 3.41p = .037. As the means in
Figure 10 indicate, the adaptive group producedfaswrors from pretraining to the first
posttest and remained mostly stable at the secositiegt while the control group
basically showed no change from pretraining tdfitisé posttest and made only slight
improvement at the second posttest. Pairwise cosges revealed that differences
between pretraining and the first posttest and éetvihe pretraining and the second
posttest for the adaptive group were significant (05 using Bonferroni correction)
while no significant pairwise comparisons (Bonfairocorrectionps > .05) emerged for
the control group.

Figure 11 displays the total number of syllabl@esproduced by each group and
in each condition. The difference between grougs significant at all three testing

sessions. Although no other significant effectstgractions are presented on this
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graph, separation by groups shows that the redustisyllable errors was greatest for

subjects who are deaf or hard of hearing in the@tdacondition.
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Figure 10. Mean total syllable errors at pretragniposttest 1, and posttest 2 for combined groupslaptive (A) and
control (C) conditions. Asterisks indicate sigcéfnt decreases in syllable errors from pretraitongosttest 1 and
from pretraining to posttest 2 in the adaptive ¢ool.

Error bars represent standard error
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Figure 11. Mean total syllable errors at pretragniposttest 1 and posttest 2 for Typically Heafifig) and deaf or
hard of hearing (D/HH) groups in adaptive (A) ontrol (C) conditions.
Error bars represent standard errors.
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As was the case for the number of nonwords prodaceectly, follow up
analyses for syllable errors were performed at sgtihble length. The hearing status
main effect was the only significant finding fosgllable nonwords-(1, 55)= 11.37,p
=.001, and 3 syllable nonword31, 55) = 8.01p = .05. Consistent with previous
syllable error analyses, the 4 syllable nonwordyamashowed the hearing status
difference F(1, 55) = 113.03,p=.001. In addition, a Time x Training Conditiomsv
revealedF(2, 110) = 6.28p = .003. Figure 12 illustrates that the mean nurobe
syllable errors for 4 syllable words decreased sctesting sessions for subjects in the
adaptive condition (pretraining =.76, posttest M = .44, posttest # =.38) with
pairwise comparisons revealing a significant ddéfeze between pretraining and the
second posttesp .05) using Bonferroni correction.

Figure 13 shows the mean number of syllable sifir4 syllable nonwords by
each group in each condition. As previously stétede was a significant difference
between groups at all three testing sessions.oA¢th no other significant effects or
interactions are presented on this graph, separhtigroups illustrates that the reduction
in syllable errors for 4 syllable words is greafiestdeaf or hard of hearing subjects in
the adaptive condition.

Analysis of the syllable errors for nonwords 5 alles in length only revealed

the main effect of hearing statd1, 55) = 21.12p <.001.
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Figure 12. Mean number of syllable errors for 4able nonwords at pretraining, posttest 1, andtpsis® for
combined groups in adaptive and control conditiofilse asterisk indicates a significant decreasyliable errors
from pretraining to posttest 2 in the adaptive ¢towl.

Error bars represent standard errors.
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Figure 13. Mean number of syllable errors for 4ahle nonwords at pretraining, posttest 1 and pss# for typically
hearing (TH) and deaf or hard of hearing (D/HH)ugp® in adaptive (A) and control (C) conditions.
Error bars represent standard errors.
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To summarize the analysis of nonword syllable strarhearing status effect was
revealed for total syllable errors as well as fglable errors for the 2, 3, 4, and 5 syllable
nonwords. Additionally, an effect by condition total syllable errors and for syllable
errors in 4 syllable nonwords was revealed. Sudjecthe adaptive condition produced
fewer errors than subjects in the control groufofeing visuospatial sequencing
practice.

Thus on the nonword repetition task a signifiadifference for hearing status
emerged on all tasks. A significant effect foreimas also revealed for total nonwords
correctly produced and for production of nonwordm@ 3 syllables in length. For 4
syllable nonwords a Hearing Status x Training Cbodix Time interaction occurred.
When syllable errors were analyzed, a significéieice for condition was revealed for
the total number of syllable errors produced amdsilable errors for 4 syllable
nonwords. The significant findings are indicati@mismproved performance on tasks of
phonological memory following visuospatial sequaigcpractice.

Minor Effects of Visuospatial Sequence Training

Sequence learning tasks with color stimuli

Performance on all versions of the sequence legtasks was also examined in a
2 (Hearing Status) x 2 (Training Condition) x 3r(iB) repeated measures ANOVA with
the last factor treated as repeated measure wauah spacing.

The repeating sequence learning task with colordtirequired repetition of
colored sequences that repeated and built in |dmagbd upon correct reproductions.
Performance was scored according to the lengtheolangest sequence correctly

produced by the subject. In addition to a heastagus main effeck (1, 56) = 19.66p
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<.001, a significant Hearing Status x Time x TragnCondition interaction emerged,
F(2, 112) = 3.17p = .046. The means in Figure 14 illustrate a sigaift improvement
as verified by pairwise comparison for the typigddearing control group from
pretraining to the first posttest as well as framtaining to the second posttest(.05).
Additional pairwise comparisons revealed a sigaificdifference between the adaptive
groups based on hearing status at pretraiprg@b), but a decline in performance by
the typically hearing group resulted in a nonsigaift difference at the first and second
posttestsp > 05. For the control condition, differences betw subjects with typical
hearing and those who were deaf or hard of heavarg significant for all three time

periods p< .05 using Bonferroni correction).
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Figure 14. Mean longest sequence length for repgatquence learning task with color stimuli fguiewlly hearing
(TH) and deaf or hard of hearing (D/HH) groups diagtive (A) and control (C) conditions at pretramgiposttest 1
and posttest 2. Asterisks indicate a significantease in mean sequence length from pretrainipgstiest 1 and from
pretraining to posttest 2 for typically hearing godn the control condition.

Error bars represent standard errors.

98



A similar result was revealed for the novel seqedearning task with color
stimuli that presented a unique yet increasinghgr sequence following each correct
response. The results are illustrated in FigureTle main effect for hearing stat#g]1,
37) = 15.11p <.001, was again present. In addition a signiidame x Hearing Status
x Training Condition interaction appearédq2,74) = 4.26p < .05. Differences in mean
sequence length did not significantly improve asr@sting sessions for either the deaf or
hard of hearing group or the group with typicalr@gin either the control or the
adaptive conditions. Pairwise comparisons, howealidrreveal a significant difference
by hearing status for the adaptive condition atrpneing (@ <.05) which did not remain
significant at either posttest sessipa $.05). This appears to be the result of slightly
poorer performance by the typically hearing grauponjunction with slightly better
performance by the deaf or hard of hearing groupsactime. (TH pretraininiyl = 5.18,
posttest M = 4.55, posttest B = 4.82; D/HH pretrainingd = 3.73, posttest Y1 = 4.09,
posttest M = 4.18) Conversely, a difference by hearing stébu the control condition
was not significant at pretraining ¢ .05) but did reach significance for each postigs
sessionf§ <.001,p < .05 respectively). Another unique pattern wasealed with the
typically hearing controls improving from pretraigito the first posttest and then
dropping very slightly while the deaf or hard ofhieg controls performed more poorly
at the first posttest compared to the pretrainggs®n and then nearly rebounded to their
original level at the second posttest (TH pretragi = 4.90, posttest M1 = 5.30,
posttest M = 5.10; D/HH pretraining/ = 4.11, posttest M = 3.33, posttest B =

4.00).
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Figure 15. Mean sequence length for the novel seguiearning task with color stimuli for typicalearing (TH) and
deaf or hard of hearing (D/HH) groups in adaptiégdnd control (C) conditions at pretraining, pesttl, and posttest
2

Error bars represent standard errors.
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NEPSY- II.

As with previous measurgserformance on the NEPSY- Il inhibition subtest was
examined in a 2 (Hearing Status) x 2 (Training Gooa) x 3 (Time) repeated measures
ANOVA with the last factor treated as repeated ragasvith unequal spacing. As
described in the methods section, the test was gsatpof 2 or 3 tasks (depending upon
subject age) with 2 sets of stimuli. Scaled sctwesach task as well as combined
scaled scores were calculated. Scaled score peafme for the naming task revealed the
expected significant main effect for hearing st&i(ls 46) = 9.31p < .05 with typically
hearing subjects performing better than the deakod of hearing group, but no other
significant results were revealed. However, onitingbition task which requires subjects
to name the opposite shape of the one displaysidnéicant effect for time emerged
F(1, 43) = 30.72p < .001 in addition to the significant difference tearing status(1,

43) = 4.48p < .05. Performance on the inhibition task incegbsom pretrainingvl =
8.74 to the first posttedd = 11.14 and slightly more at the second postiest11.63.
Using Bonferroni correction, the differences betwpeetraining and the first posttest as
well as for pretraining and the second posttesewagnificant, botlps < .001.

The naming versus inhibition scaled score usegdaores from each individual
task to form a combined scale score. It is ngbissing then that this score also revealed
some significant effects. Once again a main effactime appeare8(2, 86) = 17.76p
<.001. Scaled scores for this combined scoreaneat from pretraining/l = 8.43 to the
first posttesM = 10.99 and even more by the second podtlestl1.45. The differences

between pretraining and posttest 1 as well asgngtig and posttest 2 were significant,
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<.001, using Bonferroni correction. For this s;drowever, the effect for hearing status
was not significantp > .05.

The switching task of the NEPSY-II inhibition sustteequired subjects to make
different responses depending upon the color di @éam named. On this task there was
no significant effect for hearing status but themedfect for time again emergéq2,

42) =13.44p < .001. The improvement in performance mirroteat bf the inhibition

task in that the mean increased from pretrailing 8.22 to the first posttedbt = 11.12

and remained fairly stable at the second podtfestl1.18. Using Bonferroni correction,
the differences between pretraining and the fiosttest as well as for pretraining and the
second posttest were significant, bpgh< .001.

The final NEPSY-II scaled score was another contbse®re, inhibition versus
switching, and significant effects were revealeddoth timeF(2, 38) = 16.06p < .001
as well as hearing statég¢l, 19) = 16.96p < .05. In addition a Time x Hearing Status
effect also emerged(2, 38) = 9.90p < .001. Figure 16 illustrates the increase in mean
scaled score by the typically hearing group froetgaining to posttest 1 followed by a
very slight decline from that level to posttestRairwise comparisons revealed the
difference between pretraining and the first pests well as between pretraining and
the second posttest to be significant (ke .05) using Bonferroni correction. The
deaf or hard of hearing group made only a venhsligcrease from pretraining to
posttest 1 and stayed at that same level for @bste

Figure 17 shows the inhibition versus switchingegdacores for each group in

each condition at each of the assessment sesd\mnstatistically significant interactions
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emerged, yet a steady improvement for deaf or bbhearing subjects in the adaptive

condition can be seen.
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Figure 16. NEPSY- Il inhibition versus switching amescaled score for the deaf or hard of hearingl)/and
typically hearing (TH) groups at pretraining, pesttl and posttest 2 sessions. Asterisks indecaignificant
improvement from pretraining to posttest 1 and fygnetraining to posttest 2 for the typically hegrgroup.
Error bars represent standard errors.
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hearing (D/HH) groups in adaptive (A) and conti®@) ¢onditions.
Error bars represent standard errors.
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Overall results for the NEPSY- Il indicated an effor hearing status on three of
the five scaled scores. Neither the naming vergubition nor the switching scores
revealed a hearing status effect. There was, hemaav effect for time on all of the tasks
except the naming task. Additionally, a Time x Heg Status effect emerged on the
inhibition versus switching score with the typigdflearing group performing better and
improving more over time than their peers who waeaf or hard of hearing.

WRAML 2.

The nonverbal WRAML 2 finger window task requiratgects to poke a finger
through holes in a template to copy sequences peatloy the examiner. The same
analysis design used with previous measures wakgeatpwith the WRAML 2 subtest.
Results revealed the predictable hearing statestefff(1, 56) = 15.51p < .05, but a
significant effect for time was also revealé?, 112) = 4.08,p=. 019. Performance
increased from the pretraining baselitvex 10.38) to the first postted¥i(= 11.07) and
decreased very slightly on the second postMst (1.02). The means for the
pretraining and the first posttest were signifitadifferent using Bonferroni correction
(p<.05).

Sequencing learning tasks with black and white stioni.

The repeating sequence learning task with blackwante stimuli only revealed a
significant effect for hearing staté$1, 56),p < .001. No significant effects, including
that of hearing status, emerged for the novel serpikarning task with black and white
stimuli.

Thus for nonverbal tests, there was a significdfereénce between the subjects

who were deaf or hard of hearing on two of thedfesks (WRAML 2 and repeating
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sequence learning with black and white stimulijvadl as an effect for time on the
inhibition, the naming versus inhibition, and thatshing tasks of the NEPSY-II and the

WRAML 2 finger window task following training.
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Chapter V. Discussion

Technological advances in hearing aids and cocligalants have provided
children who are deaf or hard of hearing with eardind better access to sound. Despite
these advances, however, many children with amg&rss continue to perform at levels
below their typically hearing peers on measurdsamjuage and reading ability. Intrinsic
factors such as 1Q, etiology, and the presencelditianal disabilities along with
treatment components including age of identifiaatiearly intervention services, and
mode of communication have been identified as dmuting factors to this disparity
(Geers et al., 2007). Yet even after controlliogthese factors, there remains a large
amount of variance that may be related to procgssiechanisms which encode, store,
retrieve, and rehearse the phonological comporadrggoken words (Pisoni, 1999).
Evidence indicates that a period of early auditbgpgrivation results in atypical
development of the auditory system (Sharma and Bor®@006). Furthermore, normal
development of the auditory pathways is generalbepted as a precursor to normal
development of speech and language skills (Shafotzey, Dorman, Bharadwaj, Martin,
Gilley, & Kunkel, 2004). Sound, with its sequehtad temporal nature, may therefore
provide the medium through which more general dognabilities related to or
dependent upon sequential or temporal patterndeargloped. In fact a number of
studies have revealed poor sequencing or impéaitrling abilities among children who
are deaf or hard of hearing (Conway et al., 201tth~& Pufall, 1966; O’Connor &
Hermelin, 1973) as well as varying degrees of perémce related to the age of
implantation (Johnson & Goswami, 2010). Additidpasignificant correlations have

been revealed between visual sequencing tasks aaslumes of spoken language
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(Conway et al., 2011) and reading comprehensiam&lan & Goswami, 2010). These
results lend support to the auditory scaffoldingotty proposed by Conway et al. (2009)
and findings by Watson et al. (2007) that lackafyauditory stimulation has a
cascading effect on a variety of perceptual anahitivg processes beyond those related
to audition. Identifying some of the specific &imls impacted by a period of auditory
deprivation, therefore, becomes paramount as r&sear and teachers of the deaf seek to
gain a better understanding of the variability liliaes among children who are deaf or
hard of hearing in order to improve language outE®ifor this population.

As previously noted, several important featuresfprior studies were
incorporated into the design of this study. Theugspatial sequencing task was entirely
visual in nature so that performance would notfiected by variability in sound
perception by the subjects. In addition the taak adaptive in order to maximize its
effectiveness. A number of elements were uniqubisostudy as well. First of all, the
length of the visuospatial sequencing regimen wasesvhat unique. Subjects
participated in sessions for ten days which weetikedly short in comparison with many
previous studies. As a second unique charactedsthis study, posttesting was
performed at two time periods, the first within omeek of the tenth session and a second
four to six weeks later. These two sessions welexted to provide information
regarding short-term and more enduring effectse gitoup of participants contributed to
the third unique element of this study. It is beéd that this is the first study to
implement a visuospatial sequencing task with ceiidvho were deaf or hard of hearing
as well as children with typical hearing. Additadly, deaf or hard of hearing subjects

fitted with various devices and combinations ofideutypes were included. All children
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who are deaf or hard of hearing experience a pafi@arly auditory deprivation which
may reduce their temporal pattern experience abgegjuently impact sequencing and
language skills (Conway et al., 2011; Furth & Pluf#®66; O’'Connor & Hermelin, 1973;
Johnson & Goswami, 2010). It was therefore impurta include children who wore
hearing aids, those fitted with a hearing aid asdchlear implant, and those with
bilateral implants.

A final important factor of this study involved tlssessment tools selected.
These assessments were chosen to measure a wgegeofasognitive abilities
representing components of spatial, sequence,lyeuc verbal memory ability as well
as the executive function task of inhibition. Re&strom neuroimaging studies have
provided evidence that training on visuospatidk$deads to increased prefrontal cortex
activity (Curtis & D’Esposito, 2003; Olesen et &004), and behavioral studies have
shown a transfer to tasks involving verbal memargxecutive processing
(Kronenberger et al., 2010; Thorell et al., 2000oreover, working memory is related
to language development (Adams & Gathercole, 20G0)as therefore important to
include several types of tasks in order to deteenaimy specific abilities that may be
improved by visuospatial sequencing practice.

Performance Differences Between Groups

The first major aim of this study was to substdpt@ifferences between subjects
who were deaf or hard of hearing and subjects tyjiital hearing on a variety of
cognitive tasks. It was hypothesized that a défifee by hearing status would be
revealed on a variety of verbal and noverbal taskd,results verified this hypothesis.

Results from all pretraining assessments can beise&ppendix D.1. Not surprisingly,
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differences on the Peabody Picture Vocabulary [RBVT 4) were significant with
average scores for the children who were deaf @ dfhearing falling more than two
standard deviations below the mean. Additionalyaes shown in Table 2 revealed
significant differences between the deaf or harlezring and typically hearing groups
for at least one task of each of the verbal assastsm

The NEPSY-II inhibition subtest is considered dattask because a spoken
response to visual stimuli is required. As presigulescribed, the subtest is comprised
of up to three different tasks: naming, inhibiti@md switching. A significant difference
was revealed between the groups on the namingntiask required subjects to name
shapes or arrow directions presented in rows aa@sgle as quickly as possible. With a
mean scaled score of 8.66, subjects who were dédwfrd of hearing performed this task
much more slowly and with many more errors thanstiigects with typical hearing
whose mean scaled score was 11.33. A scaled staég as explained in the NEPSY-II
Clinical and Interpretive Manual (Korkman et al0Z(), represents mean performance
within a given age group. Lower scores on the ngrask are indicative of a problem
with naming, poor self-monitoring, slow psychomaspeed, or difficulty accessing
semantic information. These difficulties were ajgpé for the subjects who were deaf or
hard of hearing as the examiner observed manyesktsubjects proceeding slowly and
deliberately as they named each shape. Presuithebbrocess involved retrieving the
proper label followed by the task of connectingespresounds to produce the correct
word to match each shape. For subjects with &jearing the naming task appeared to

be much more automatic and relatively effortless.
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The difference between groups was not significanthe inhibition or switching
tasks of the NEPSY-II test, however. Low perforee@on these tasks indicates
impulsivity or slow processing speed resulting fridra inhibitory or switching demands
of the tasks. Scaled scores for the subjectstyytical hearing dropped below the mean
on these tasks. The deaf or hard of hearing stshjeowever, appeared to be less
impacted by the additional cognitive load assodiatéh these tasks than the typically
hearing group, with their mean scaled score remgiim the same range as their naming
score (low average). Subjects who do not haveoaglink between the visual stimuli
and its verbal description are likely to be lespacted by the additional inhibitory
requirement (Korkman et al., 2007). The low perfance by subjects who were deaf or
hard of hearing on the naming task indicates alpmlaccessing semantic information
resulting in reduced automaticity in naming fanmilidojects and potentially impacting
language development. This reduced automaticity Imedp to explain why subjects who
were deaf or hard of hearing did not show a gredgeline in performance when the
inhibitory requirement was added. In additionraggle with such a basic language task
offers possible insight into other cognitive ditfltes displayed by children who are deaf
or hard of hearing. As Bebko and McKinnon (1996l in their study, an incomplete
mastery of language may lead to the ineffectiveaismgnitive strategies and possible
effects on language and reading ability.

On the next verbal measure, stimuli from théddzZén’s Test of Nonword
Repetition, differences between the groups werneipated and observed for accuracy of
production and matched syllable length. Howewevegal interesting findings and

similarities among the groups emerged as well.hEgoup produced more 3 syllable
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nonwords correctly than nonwords that were 2, 4 syllables in length. It is probable
that 3 syllables represent an optimum length, gliog more acoustical and phonological
information than the shorter 2 syllable nonwordsngd taxing memory capabilities as
much as the 4 and 5 syllable stimuli. Additionatlgaf or hard of hearing and typically
hearing subjects were both more likely to produtéaorrect number of syllables in
their response as the syllable length of the nodwwreased. This is also indicative of
an increased load on memory and imitative abibtylfoth groups. Although overall
performance by the deaf or hard of hearing subjgatssignificantly below that of the
typically hearing subjects, these similar trendspted with the significant correlation
between nonword repetition and receptive vocabidargneasured by the PPVT 4 for the
deaf or hard of hearing subjects suggest that ivgen@nt in nonword abilities by the
deaf or hard of hearing group may lead to impraesgptive and expressive vocabulary
skill.

The final verbal pretraining measure comparedsscgooups was the sequence
learning task with color stimuli. Raw scores oa siequence learning tasks represented
the mean length of the longest sequence correzplicated. Performance was
significantly better for the subjects with typidearing on both the repeating and novel
sequence learning tasks with color stimuli. Figgifrom previous studies help to
explain this difference between groups. Sequewees made up of red, yellow, green,
and blue circles, and although the subjects wereauired to vocalize or name a color
as they replicated sequences, previous studiessteyen that performance can be
affected by the nameable quality of stimuli (Dawsobml., 2002). In the Dawson et al.

(2002) study, subjects who were deaf or hard ofihggerformed similarly to subjects
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with typical hearing on an imitative task that diot lend itself to verbal coding but
performed more poorly recalling sequences of pestwtepicting a fish or a dog. Conrad
(1973) also reported more errors by subjects whe weaf or hard of hearing on
phonologically similar sequences indicating a latkerbal rehearsal by this group.
Bebko and McKinnon (1990) found that spontaneobsaesal for children with typical
hearing emerges two to four years earlier tharctddren who are deaf or hard of
hearing educated in spoken language settings. plausible that in the current study
fewer children in the deaf or hard of hearing gratipzed a rehearsal strategy when
presented with nameable stimuli, thus contributoxtheir lower performance on the
color sequence learning tasks. Additionally, ascdbed by Baddeley (1992), the
phonological loop assists with the memory process mameable object triggers the act
of rehearsal through subvocal repetition. Theeefooorer memory for stimuli that can
be verbally coded may be an indication of poorerkimg memory ability in subjects
who are deaf or hard of hearing.

Performance within each group was better on theatng than on the novel
sequencing task with color stimuli, yet the typigdlearing subjects still performed
significantly better than those who were deaf adhad hearing on both tasks. As
previously described, the repeating task requitdgiests to build a sequence by
remembering previous information while receivingwaput and then adding that to the
temporarily stored information. The novel tasks@r@ed a new sequence each time so
information did not need to be held for later matgion; instead it moved in and out of
short-term memory very quickly. It is possibletthiae repetitive nature of the repeating

task makes it conducive to verbal rehearsal asubgect rehearses the previous sequence
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while awaiting the addition of a new component.réHagain the ability to rehearse may
be one factor that helps to explain the bettergperénce on the repetitive task as
compared to the novel task. Efficient use of phogical rehearsal may have direct
implications for language acquisition; by helpiog¢tain or learn repeated stimuli,
phonological rehearsal may also facilitate vocatyukearning and other aspects of
language that are repeated within and across sm#e\gain the poorer performance by
the deaf or hard of hearing subjects may indicateecal implicit learning or working
memory deficits.

Table 3 displays the significant differences betw#e two groups on two of the
three nonverbal measures as well. Each of theseenioal tasks required memory for
sequences with stimuli that were not conduciveeidal coding. As previously
discussed, a period of auditory deprivation resules degraded auditory signal and
diminished access to naturally occurring sequentesund. As proposed in other
studies (Conwayet al., 2009; Saffran et al., 198 humber of complex sequential
patterns received by a child early in life may péagignificant role in general sequence
learning and language ability. Results from the AWR. 2 finger window task support
this idea. In this nonverbal sequence task subjgete merely required to replicate a
sequence by pointing a finger. The mean scalegk sf®.47 by the subjects who were
deaf or hard of hearing was significantly lowerrthhe mean of 11.41 obtained by the
typically hearing group. A mean scaled score bdakwrepresents performance in the
low average range (Adams & Sheslow, 2003). le@sonable to conclude that this
deficit in sequence ability by the deaf or hardheéring subjects results from the reduced

input of auditory sequences for this group. Gitlemsequential nature of language, this
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lower performance on a sequence memory task mayderasight into the underlying
factors contributing to the deficits in language@&lepment commonly exhibited by
children who are deaf or hard of hearing.

Results of the computerized sequence learning tagkshonverbal stimuli
provided interesting information as well. The méagth of the longest repeating
sequence with black and white stimuli was signiftbadifferent between groups.
Although the black and white figures did not repdiind themselves to verbal coding, it
seems likely that the repetitive nature of the atipg black and white task aided the
typically hearing group in remembering sequenc&sme subjects were observed
counting the flashes (either saying numbers aloudauthing them quietly) in different
locations on the grid as the sequence was repaatebbngthened. This provided
evidence of verbal rehearsal as a strategy for m#meeng the sequence. Subjects who
were deaf or hard of hearing frequently pointethasflashes appeared but rarely was
any vocalization or mouthing of words observed.c®again the failure to effectively
use rehearsal strategies may have contributecetditferences in performance by the
two groups.

The novel sequence learning task with black andengtimuli proved to be the
most difficult task for both groups. The mean sae length was lower on this task
than for the repeated sequences with black andewshinuli for deaf or hard of hearing
and typically hearing subjects alike. Howevertlus task there was no significant
difference between groups. Furthermore, the iiffee in mean sequence length for the
repeating and novel black and white tasks was sigt@at for the deaf or hard of hearing

subjects as it was for the typically hearing grotor the typically hearing group the
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combination of nonverbal stimuli and the novel pregation seemed to remove the
opportunity to use verbal rehearsal to assist v@thembering a sequence. As noted
above, the group that was deaf or hard of hearichqqat seem to utilize any rehearsal
strategy with the repeating task and as such weximably less impacted by the novel
presentation combined with the black and white slim

In summary, the subjects who were deaf or harceafing performed more
poorly on most tasks that allowed for verbal codiitether they were presented visually
or auditorily. Itis likely that the deaf or haofl hearing subjects are not implementing
verbal rehearsal to aid in the retention of vemfrmation as evidenced on the nonword
and computerized sequence learning tasks with stiloli. In addition, they also
performed more poorly than their typically hearpegrs on the naming task of the
NEPSY-Il. This inability to quickly retrieve andase the name or direction of a visually
represented object indicates the absence of agstirdnbetween the visual stimuli and its
verbal description for subjects who were deaf odlud hearing and perhaps a different
type of storage mechanism for verbal stimuli. ©hé/ verbal tasks that did not reveal
significant differences between the two groups wkeeinhibition and switching tasks of
the NEPSY-Il. The additional cognitive load brotigh by these tasks affected the
performance of the typically hearing subjects. Idogr, performance did not drastically
decrease for the subjects who are deaf or haréaririg which suggests that they are less
impacted by the additional inhibitory requiremehthese tasks. Differences between
the two groups were also revealed on some of thearbal tasks. The subjects who
were deaf or hard of hearing again performed mocelp on tasks of sequentially

presented material with significant differenceseaed on both the WRAML 2 and the
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computerized repeating sequence learning taskbaitk and white stimuli. The
presence of a group difference for the repeatirigibtfor the novel sequence learning
task with nonverbal stimuli suggests that the stibjerho are deaf or hard of hearing
were not implicitly learning serially presentedanhation and thus were not as affected
when the repetitive nature of the task was removieaken together these findings
suggest that the impact of sensory deprivationaataa with a hearing loss extends
beyond the reception of an auditory signal to othere general cognitive abilities.
Specifically it appears that the subjects who &a&f dr hard of hearing experience
difficulty with temporally presented sequentialarhation and do not utilize verbal
rehearsal strategies to assist them.

Correlations of assessment measures with the PR¥3 ghown in Table 4,
revealed a significant correlation for the grouphwypical hearing on only one
assessment measure, the repeating sequence le@skngith color stimuli. The
presence of a significant relationship between asme of language ability and
performance on a sequencing task with nameableilstion the group with typical
hearing but not for the group who were deaf or lediidearing provides additional
support of the findings by Bebko & McKinnon (1990)hat study proposed that
language experience was a significant mediatinglbb in the relationship between age
and the use of rehearsal strategies. Masteryngtigge, then, was likely a necessary
prerequisite for the utilization of a linguisticalbased strategy such as rehearsal. In the
current study, language ability was measured byescon the PPVT 4 and as seen in
Table 4 was not found to be highly correlated whih verbal repeating sequence learning

task with color stimuli for subjects who were deahard of hearing. Bebko &
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McKinnon (1990) maintain that if children have @mahieved a level of automaticity with
their language skills they will not be able to seexfully implement a rehearsal strategy.
Results from the NEPSY-Il naming task showed téngl of automaticity to be lacking
for the deaf or hard of hearing subjects. Thidifig, combined with the lack of a
significant correlation between PPVT 4 and the a¢ipg color sequence learning tasks,
supports the theory that subjects who are deaut bdf hearing are not utilizing
rehearsal strategies when attempting to remembegaence of nameable objects.

A number of tasks were significantly correlatedhstores from the PPVT 4 for
the deaf or hard of hearing group as shown in Badland 5. Correlations were
significant on both the naming and inhibition taskshe NEPSY-II inhibition subtest.

In addition, number of nonwords correctly produeess positively and significantly
correlated while the number of syllable errors wagatively and significantly correlated
with the PPVT 4. These significant correlationsAsen the PPVT and other verbal
measures for the deaf or hard of hearing groupesiggrelationship between language
development (as measured by receptive vocabulangscand other verbal tasks
requiring cognitive and memory ability.

There was also a significant correlation betweenRRVT 4 and the nonverbal
WRAML 2 finger window task for this group. Thisstdt again provides support for the
idea that a period of auditory deprivation may hamempact beyond hearing acuity to
sequence abilities in general. In addition it sarppthe theory proposed by Conway et
al. (2010) who provided empirical evidence of angigant correlation between
improvement of immediate serial recall of statilic structured sequences and

performance on a word predictability task. Baspdrnufindings in this study the authors
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concluded that the development of language skifgears to be facilitated by greater
sensitivity to the underlying structure of sequainpiatterns.

Table 6 shows correlations between measures forgacp as well as significant
differences between the two groups for these atiogis. As shown in this table,
significant differences between correlations of sugas for the deaf or hard of hearing
group and the typically hearing groups were revdealea number of the computerized
sequence learning tasks. Specifically, correlatiare significantly different for the two
groups for the correlations between the novel secpigask with color stimuli and three
other sequence learning tasks (the repeating witir,¢he repeating with black and
white, and the novel with black and white stimulB.significant correlation was
revealed between verbal and nonverbal sequence fiasthe deaf or hard of hearing
group. This indicates a failure to exhibit thedicted advantage for remembering
nameable stimuli and adds further merit to the théwat the deaf or hard of hearing
subjects did not utilize a verbal rehearsal strategassist in the task of sequence
learning.

There was another significant difference betweengs on the correlation
between the repeating black and white and the rdaek and white sequence tasks.
The deaf or hard of hearing subjects performedlariyiion both tasks which presented
non-nameable stimuli while the typically hearindpjgets gained some advantage from
the repeating nature of the task. Again it maptesumed that some type of rehearsal
strategy was employed by the subjects with tygiearing. The overall differences in
performance on the sequence learning tasks sugdpeetid deficiency in sequence

learning ability among the subjects who were dedfand of hearing, a finding which
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supports previous research showing that thesedslg&perience difficulty performing
sequencing tasks (Conway et al., in press; FurBuéall, 1966).

Analyses of performance on the visuospatial secjng task did not reveal any
significant improvements over time for either graarpn either condition, yet the
difference between groups provided some interegtiftgmation. The subjects who
were deaf or hard of hearing performed significantbre poorly than the typically
hearing subjects in both the adaptive and controlltions of the visuspatial sequencing
task. When examined more closely, performancealbi group in each condition
provides additional information. The percent ofreot responses for each day of
visuospatial sequencing practice was calculatedevehled that subjects who were deaf
or hard of hearing performed at a level between 45%49% correct in both the
adaptive and control conditions indicating a gehaeficit in sequencing skills. For
typically hearing subjects the percentage corrext guite different for the adaptive and
control conditions. Average percent correct ranigech 49% to 52% in the adaptive
condition, while in the control condition this pernt ranged from 72% to 79%. The
adaptive version of the task was designed to adjdtmatch the individual memory
span of the subjects and accuracy scores arouriD#heange for both groups in the
adaptive condition suggest that this was the c@be. percentage correct for the deaf or
hard of hearing subjects in the control conditiaswlso in that range, however. This
finding makes it plausible to conclude that theusgtge length of three which was
intended to be below the capacity limit of the sgbg was actually closely matched to

the ability level of the deaf or hard of hearindjgets in the control condition.
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Figure 6 displays visuospatial sequencing datghmaverage number of correct
taps made per set for each session for subjetit® icontrol condition. As previously
explained, a maximum daily average of 90 corrgus fzer set could be obtained in the
control condition. The group with typical heariachieved a high level of accuracy.
Scores for the subjects who were deaf or hard afilhg were 25 to 30 points lower and
suggest possible difficulty in performing the taskhis poorer performance is consistent
with the data from the percent correct previouggdsand supports the suggestion that a
constant sequence length of three actually chadiétige deaf or hard of hearing subjects
in the control condition. As a result deaf or hafdhearing subjects in the condition that
was intended to serve as a control may inadveytbatle been provided the same benefit
as subjects in the adaptive condition.

The failure for subjects to improve on the visudspaequencing task over time
may call into question whether improvements onaingd measures may actually be
attributed to any training effect at all. Whilaglis certainly a valid point, some have
argued that the effort put forth on a training tasky enhance attentional focus thereby
stimulating a set of strategies which can be @iliacross a variety of tasks (Holmes et
al., 2009). Given that the deaf or hard of heasulgjects in the control condition
appeared to be just as challenged by the taskthgbaups in the adaptive condition, it is
possible that all three of these groups would skome effect from the attention and
concentration associated with the task.

In summary, the findings related to group diffe@mon pretraining assessments
support the first hypothesis of this study thatfetence by hearing status would be

revealed on a variety of verbal and nonverbal tasksrrelations between some verbal
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and noverbal tasks were revealed for the subjelctswere deaf or hard of hearing. In
addition, performance over time on the visuospatguence task by subjects who were
deaf or hard of hearing was significantly poorerthhat of typically hearing subjects in
the control condition. These findings provide @vide of an overall deficit in sequence
memory for subjects who are deaf or hard of heaaggell as a diminished use of
phonological verbal rehearsal. These data arestenswith results from previous
studies showing poor working memory ability andgesging that a period of auditory
deprivation may alter the path for typical devel@mmnof speech, language, and other
sequentially based abilities. Researchers agegeséiyquence learning is an underlying
skill necessary for successful spoken languageloevent (Conway & Pisoni, 2008;
Furth & Pufall, 1966). It is plausible that defgcin sequence memory may have
cascading effects on speech, language, and readility and may help to explain the
delays exhibited in these areas by children whaleed or hard of hearing. Itis
important then that interventions and habilitatath these children reflect these
findings by targeting sequencing and phonologicainaory skills as a possible means of
improving language outcomes for children who araf d@e hard of hearing.
Effects of Visuospatial Sequence Training

The second major aim of this study was to deteenfimisuospatial sequence
practice would result in improvements to nontraiteesks measuring working memory
and executive function. Discovering methods whighg about improvement on a
verbal short-term memory task (the nonword regetitask) is of great importance in the
area of research related to children who are delaf@ of hearing because it brings with

it the promise of improving language abilities aslw The second major hypothesis of
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this study proposed that visuospatial sequenciagtize would lead to improved
performance on a variety of cognitive tasks.

As earlier reported, nonword repetition performawes examined in a 2
(Hearing Status) x 2 (Training Condition) x 3 (Timepeated measures ANOVA with
the last factor treated as repeated measure wahuah spacing. The findings from these
analyses suggest that significant benefits mayebeet from visuospatial sequencing
practice. Analyses were performed for the totahber of syllable errors produced by
each group and in each condition as well as thebeuwf syllable errors for nonwords at
each syllable length. A Time x Training Conditieffiect was revealed both for total
syllable errors as well as syllable errors of 4abje nonwords. Figure 10 shows the
mean total syllable errors made across testingosestr the adaptive and control
groups. It is evident that total syllable errorsrevreduced in the adaptive condition for
both typically hearing and deaf or hard of heasnjjects, indicating that adaptive
sequences led to improvement in the ability to iméte number of syllables that were
presented in a target word. Figure 11 shows theldg errors made by each group in
each condition. Although the decrease in sylla@bters did not reach significance for
any single group in a particular condition, an oo trend for improvement was seen for
the deaf or hard of hearing subjects in the adapondition. It is plausible that a larger
sample and/or a longer training period might haxealed a significant effect.

A similar effect was revealed for syllable errofglsyllable nonwords. As
shown in Figure 12, subjects in the adaptive caoin both groups improved
significantly from pretraining to the second postteFigure 13 separates these results by

group and condition. Once again a trend for imprognt is evident for the deaf or hard
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of hearing subjects in the adaptive condition. eHagain the lack of a significant effect
for hearing status for these subjects may have teerto the small number of subjects in
that group or the relatively short training periodlith the addition of more subjects
and/or more visuospatial sequencing sessiongdassible that the deaf or hard of
hearing subjects in the adaptive condition wouldehghown a significant improvement
over time.

Analyses were also performed for the number of rayde produced correctly.
Results from the analysis of total number of cdrremwords revealed a significant
effect for time with all subjects in both condit®mproving over the three testing
sessions as displayed in Figure 8. No interactionkearing status or training condition
emerged. One possible explanation for an ovengfovement is that the visuospatial
sequencing regimen was not long enough to produedfact by condition. Another
possible explanation emerges when performanceketbat a bit differently. Although
there was no significant interaction by group andition, an interesting trend was
discovered by differentially examining the mean wemof correctly produced nonwords
for the deaf or hard of hearing group and the sihydhearing group. The light and dark
shading in Figure 8 reflects the portion of totrect words contributed by each group.
Subjects who were deaf or hard of hearing corrgutbgluced 21% of the total correct
words at the pretraining session. By the firstt{@ss this percent was 23%, and at the
second posttest the deaf or hard of hearing suprotiuced 24% of the total correctly
produced words. The increase by the subjects wdre deaf or hard of hearing
regardless of condition supports the earlier suggeshat some benefit from performing

the visuospatial sequencing task may have beeiveecby the deaf or hard of hearing
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group in the control condition. Improvement was asgreat for the typically hearing
subjects as for the deaf or hard of hearing subjeat they also showed improvement
over time. This result also suggests that typydadlaring subjects in both the adaptive
and control conditions received some benefit freplicating visuospatial sequences.
Although further research is required in order étedmine the merit of this explanation,
the main effect for time that was revealed for eoriproduction of nonwords is
nonetheless an important finding. If subjects siaprovement of nonword production
just by repeatedly performing this task, then coasation should be given to
implementing tasks of nonsense word imitation cl&ssroom instruction. Previous
studies have shown that nonword repetition is kihteevocabulary and other language
skills. Therefore improvement on this task mayeptially carry over to improvement in
these areas for typically hearing and deaf or battearing children alike.

Additional analyses performed for correct nonworadoiction at each syllable
length revealed similar effects for time for nond®that were 2, 3, and 4 syllables in
length. However, a significant Hearing Status aifiing Condition x Time interaction
emerged for the number of correctly produced 4aby# nonwords. Figure 9 shows the
performance for each group in each condition athhee testing sessions. No
improvement was shown for the typically hearingjeats in the control condition.
Based upon the ease with which the typically hggacontrol group completed the
sequencing task and their lack of improvement emibnword task it appears that they
received no benefit from visuospatial sequenciragice that would transfer to a
phonological memory task. As Figure 9 also shdhestypically hearing group in the

adaptive condition as well as the subjects who wleed or hard of hearing in both the
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adaptive and control conditions showed a trendnirovement across the testing
sessions. Although these increases for deaf aor dfdnearing subjects did not reach
significance in either the adaptive and controldibons, they indicate a trend for
improvement in general verbal sequence memorytalidilowing visuospatial
sequencing practice. This increase of correcibglpced nonwords in both conditions
lends further support to the notion that the seqegsmpresented in the control condition
provided benefit for the subjects who were dedfad of hearing. It is plausible then
that with a different control and a larger sampe sresults would show that adaptive
presentation of visual sequences transfers to ngonent on a verbal task of
phonological memory.

The implications from these improvements on tagkshonological memory
following visuospatial sequencing practice are peamg. As previously noted,
producing a nonword response utilizes the samerlymaig linguistic processes as
recognizing and repeating real words. Earlierifigd revealed that scores on the PPVT
4 were correlated with nonword performance fordbaf or hard of hearing subjects. In
addition, the nonword task has also been showe tmlrelated with syntax abilities
(Carter et al., 2002). As such it is plausibl@tedict that remembering and correctly
repeating a nonword may ultimately lead to improabdity on other verbal tasks
including receptive and expressive vocabulary amdax development. Moreover the
results indicate that visuospatial sequencing maetlso provides a benefit to typically
hearing children which presents implications foplagation to the general education

setting as well.
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Results from analyses of other assessment measdace@arrant discussion.
Analyses performed on the repeating sequence featask with color stimuli revealed a
significant Hearing Status x Time x Training Coralitinteraction. Figure 14 shows that
the typically hearing control group made significamprovement from pretraining to the
first posttest as well as from pretraining to teemd posttest. The reason for this
improvement and a simultaneous decline in perfonmadny the typically hearing
adaptive group does not seem clear. One possiplaration might be that the adaptive
presentation of the sequences taxed the sequealgilitges that these subjects needed to
use in replicating the repeating and novel sequiaraing tasks, resulting in an
opposite effect of the one desired. Converselpiication of the visuospatial sequences
by the typically hearing subjects in the contrah@dibion indicated ease in performing the
task which may have facilitated transfer to theesgimg and novel sequencing task with
color stimuli. 1t is also possible that the typigdnearing subjects in the control
condition utilized some type of rehearsal stratiegyemembering the sequences of three
over the 10 sessions and that they effectivelya@that strategy over to the task of
remembering repeated sequences of colored stif@idlinterest on the repeating
sequence learning task with color stimuli was thdihg that although subjects in the
deaf or hard of hearing group who received the taapequences performed
significantly more poorly than those in the typigdiearing adaptive group at pretraining
that difference did not remain significant at eitpesttest.

The typically hearing control group again showedernmprovement on the
novel sequence learning task with color stimulnthi@eir peers in the adaptive group as

displayed in Figure 15. It is again unclear why typically hearing adaptive group did
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not make gains over time. The subjects who weaé alehard of hearing in the adaptive
condition, however, did make steady though notiBggnt progress over time. This
tendency toward an increase in sequence lenggufgects in the adaptive condition
suggests the possible transfer from a nonverbaleseng task to one with stimuli that
can be verbally coded. The lack of a significaffecence in performance between the
adaptive and control conditions for the subjects wiere deaf or hard of hearing might
once again be due to a the challenge faced byttjecs in the control condition. Itis
possible that an increase in the number of visu@sequencing sessions combined
with a shortened sequence length in the contratlition would lead to distinguishable
differences between the conditions.

Results for the NEPSY-II inhibition task as wedltae combined naming versus
inhibition task revealed a significant effect fone, a finding which is consistent with
improvement over time that emerged for productibnanwords. Mean scaled scores
for all NEPSY-II tasks at all three testing sessiare located in the descriptive statistics
tables in Appendix D. On the inhibition task, sofor all subjects registered below the
mean score of ten at pretraining but were at ovalloe mean at the first posttest and
continued to improve at the second posttest. didschearlier, low performance on the
inhibition task indicates impulsivity or slow preseng speed resulting from the
inhibitory demands of the task. Improvement onitiebition task may have been a
consequence of experience with the sequencingoskuse subjects became
accustomed to waiting for an entire sequence farésented before tapping a response.
Additionally, the deaf or hard of hearing subjaatshe control condition again might

have experienced a benefit despite the fixed natutiee sequences presented to them. It
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is also possible that there was no effect for ingbut that repeated performance of the
inhibition task led to improvement. Even if impeal/performance was due to a practice
effect, the benefit should not be overlooked. &gperformance on the inhibition task
may indicate improvement in impulsivity control,daattention and inhibition are
executive functions which contribute to academizcess (Shalev et al., 2007).
Therefore improvement on the NEPSY-II subtest ssigginat the benefits of
visuospatial sequence practice may transfer toeameperformance as well.

The switching condition of the NEPSY-Il showededfect for time as well. The
means for this assessment measure across sesambe found in Appendix D.1 through
D.3. This task, with the added challenge of chag@i response based upon features of
the stimuli, is designed to identify problems wattgnitive flexibility. Improvement was
made by all subjects on this task across the tiesgang sessions. For the inhibition
versus switching task, however, a Time x Heariragust effect emerged. Performance
by the typically hearing group significantly impexy over time, but the deaf or hard of
hearing group did not show similar gains. Thisilehay indicate that the cognitive load
associated with this task was too great for thgestbwho were deaf or hard of hearing
despite the gains shown in other conditions of $histest.

The WRAML 2 was the only nonverbal measure tha¢aéed any significant
results, with all subjects in both conditions shegvimprovement across the posttraining
sessions. There was a significant effect for Ingestatus and for time on the finger
window subtest, but no interaction emerged. A Tinéearing Status effect, did
however approach significandg2,112) = 3.04p = .052. Mean scaled scores for this

measure are presented in Appendix D and show aease for the deaf or hard of
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hearing group from 9.3 at pretraining to 10.4 atfitst posttest and a leveling off to 9.7
at the second posttest. Test-retest informatiomiged in the WRAML 2 Administration
and Technical Manual (Sheslow & Adams, 2003) kstexpected gain of 0.2 on the
finger windows subtest. Considering that the improents over time achieved by
subjects in this study far exceeded those predlaydtie test-retest reliability and that the
control condition might have provided benefit foetdeaf or hard of hearing subjects, it
is plausible to conclude that the visuospatial seqging regimen led to improvement on
this nontrained visuospatial task.

In summary, the findings related to effects otiaispatial sequencing practice
revealed improvement on a task of verbal memoipgecHically, the findings provide
strong support that the adaptive sequences imprnolredological memory as evidenced
by the performance on the nonword repetition talie number of syllable errors
decreased for subjects with typical hearing andeéheho were deaf or hard of hearing in
the adaptive condition. The number of correctlyduced nonwords increased for all
subjects which may be a consequence of inadvdraargfits of practice for the deaf or
hard of hearing subjects in the control conditi@iven the relationship between
nonword repetition and a variety of language absitthese results provide promise for
improving other language related abilities such@sabulary, syntax, and reading
through the implementation of a visuospatial sequenprogram.

In addition, practice replicating visuospatial seqces resulted in general
improvement for combined groups and conditions anraber of tasks. This may be an
indication that practice on these tasks will bratmput improvement, though the level of

improvement displayed by subjects on the NEPSYl the WRAML 2 exceeded the
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test-retest improvements projected in the test mlanut is also plausible that the control
condition provided some actual benefit for the eatg who were deaf or hard of hearing.

Considering the interconnectedness of cognitivitigisiand the role they play in
language development, improvement of phonologreainory and the executive
function of inhibition which were revealed in tlsgidy provide promise for improved
language and reading outcomes for children whalea¢ or hard of hearing following
visuospatial sequencing practice.
Study Limitations

There were several limitations to the study tihaigd be addressed. First, the
number of children in the study was relatively dmalhis is due in large part to the
difficulty in obtaining subjects for the deaf orrtaf hearing group. Recruitment was
limited to two private schools in a finite geograparea. Larger numbers of children
might be obtained by recruiting from public schoadéswell. The fact that no monetary
reward was given for participation, however, mduegrospect of recruiting from that
population less likely. In addition, deaf or hafchearing subjects who participated in
this study were all enrolled in educational progsemphasizing listening and spoken
language skills. It would be of interest to ina@uchildren with sign language skills to
determine any similarities with the group in thereat study in pretraining
characteristics as well as performance on the gjsaial sequencing task and post
training results.

There were some limitations associated with theally hearing group as well.
Average performance on the PPVT 4 by the grouphdi@n with typical hearing was

nearly one standard deviation above the mean.eSiaother tests of language or
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intelligence were administered it is not knowrhiir skill level was above average on
other tasks as well. Additionally, while scaledss allowed for comparison with

normal distributions on some tasks, only raw scoree available for a few of the
measures. It would be useful to have a largemaoit diverse sample of typically
hearing children in order to obtain more reprederddaseline measures for these tasks.

Next some aspects of the assessment measuresalegesideration. Some
students displayed a lack of interest in performimgtiple sequence learning tasks
during the assessment sessions. Thought shogivéeto breaking one session into
several smaller sessions or providing a longerkoaga possibly a snack between tasks.
Additionally, all tasks of the NEPSY-II subtest tdnot be administered to children
under the age of seven so an alternate test dfitidm might be considered.
Consideration should also be given to includingitamltal language measures, both as
part of the baseline and as tasks to measure ffégisuospatial sequencing practice.
The PPVT 4 gives receptive vocabulary scores,tiddes not provide information about
overall language performance. Likewise the Chiith@ est of Nonword Repetition does
not provide information about a child’s ability ppoduce connected speech.

Several issues related to the design of the viai@sequencing task should be
addressed as well. As mentioned earlier, thedésbplicating sequences that were three
in length appeared to be difficult for subjects winere deaf or hard of hearing in the
control condition. Future implementation of thisuospatial sequencing task should
consider shortening the standard sequence lengtines so that the task clearly does not
present a challenge to the subjects. If it werdent that none of the subjects in the

control condition struggled with the task, therfeliénces between the control and
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adaptive groups following practice might be morady revealed and interpreted. The
number of sessions might also be increased infart & produce more robust results.
There was a tendency for improvement by the ddagests in the adaptive condition
which may have reached significance with a largene size, a clearer distinction
between adaptive and control conditions, and adopegactice period.

An additional issue arose with regard to interegel for the task. A number of
subjects expressed a disinterest in continuingatble at some point during the practice
sessions. The only feedback provided to the stdyeas a number which appeared on
the touch screen monitor indicating the numberoofext taps made by the subject at the
end of each set of 30 sequences. This did noigg@dequate reinforcement, and as a
result motivation to perform the task waned overc¢burse of the ten sessions for some
subjects in each group and in both the adaptivecanttol conditions. The visuospatial
sequencing task might be redesigned so that pesftzenwas acknowledged and
“rewarded” with exciting and motivating graphics.

Future Research and Implications

The findings from this study provide an encouradirg} step in the attempt to
identify and address differences between childreo are deaf or hard of hearing and
those with typical hearing with the goal of impnegisequence memory and language
abilities. Future research should include add@i@ssessments of language performance
as baseline measures. The Clinical Evaluatioraoiguage Fundamentals (CELF) is an
accepted measure of language performance covenmgearange of skills. Since the
CELF is typically administered as part of an anrhattery to many children who are

deaf or hard of hearing, scores from this wouldlifkoe readily available to researchers.
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An additional verbal task that includes elementnfuage beyond those measured with
the nonword test should also be added to the amsessessions. Additionally, future
studies should consider refining the choice of sm®ent measures so that they are
appropriate for the age levels of all participants.

In order to make a clear distinction between tliects of adaptive and control
conditions, further research should implement aroboondition with a sequence length
at a level truly below the limit capacity of thebgects. An additional option would be to
include a third condition in which subjects woulat take part in any sequencing
practice. This might then provide a truer con&®Mell as a means for determining a
mere practice effect on the pre and post traingsgssments. The duration of the
visuospatial sequencing practice should also bsidered. If the task could be made
more engaging, number of days might be extendedrakthe current ten of this study.

A greater number of sessions may result in cledifflarences and perhaps greater effects
between the control and adaptive conditions. FEustudies should also be designed to
track progress over time. In a longitudinal ste@gcific aspects of language and reading
development more relevant to the educational getiiuld be addressed. In addition, a
neuroimaging component could be incorporated in®gtudy to provide additional
information regarding the reorganization of neuetworks and to provide physical
evidence in conjunction with behavioral findingainally, some means of determining
and then classifying subjects based upon theintipaonological rehearsal strategies
might provide additional information as well. Iddition to being observed, subjects

could be surveyed following the sequencing tasldetermine any strategies that they
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employed to help them remember. This informatia@yshed further light on the
similarities and differences between groups thead ® successful task completion.
Based upon the initial findings of this study sdimag-term applications might be
considered as well. First of all it seems cleat #ome benefit was gained from
visuospatial sequencing practice. Although add#lagesearch is required to verify these
results and to determine any long term effectseéims plausible that educational
practices which rely solely on auditory input mayrhissing out on an opportunity to
provide practice with temporal sequential stimai,essential component of language-
learning. As further research unfolds, more ligiaty be shed on the nature of the
relationship between sequence memory and languaggapment thereby providing
insight into the factors which contribute to thedeivariability among cochlear implant
recipients. As such, consideration should be gteeteveloping a battery of assessments
that can be used for counseling parents considednglear implants for their child. If
poor sequence abilities do in fact affect langudgeelopment then parents should have
information regarding their child’s level of abylias well as suggested strategies for
bringing about improvement in this area. Suchtéebacould also be used as a type of
screening to identify children with low sequencarteng abilities. These results in
conjunction with information gained from more contienal assessments such as Digit
span may help to identify children who are “at ik slower language development.
Perhaps most importantly future studies should$amua means of transferring
research findings into practical application. mmf@ation about the cascading effect of
hearing loss on other cognitive skills as well ageptial means of improving these skills

needs to reach educators of the deaf. If langoagmmes can be improved from this
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type of intervention there is potential to impdet Bpproaches taken for habilitation.
Future studies might then consider modifying theugspatial sequencing task to a
portable size so that it can be implemented witldan of all ages in classroom settings.
Visuospatial sequencing practice may eventuallgdspted to become a part of early
intervention curriculum in an effort to offset somiethe sequencing deficits which
appear to result from a period of auditory deprosat

The importance of this current study truly lieghe potential to impact the future
study and education of children who are deaf od lohhearing. Moving forward it is
imperative that research findings make their wag educational settings if we truly
expect to change language and reading outcomesifdren who are deaf or hard of
hearing. This clearly demands that research aehédproving auditory capabilities
must be informed by research from cognitive fiedds ultimately integrated into
classroom settings. As summed up by DettermanTancipson (1997) in a report on
special education, a thorough “understanding ohitog abilities must then be used to
fashion rational plans for educational interventigm 1089). It is only through a sharing
of information among these groups that we can top@ally improve language

outcomes for children who are deaf or hard of megri

137



References

Adams. A., & Gathercole, S.E. (1995). Phonologiaiking memory and speech
production in preschool childredournal of Speech and Hearing Research, 38,
403-414.

Adams. A., & Gathercole, S.E. (2000). Limitationsnorking memory: implications for
language developmerniternational Journal of Language and Communication
Disorders, 35, 95-116.

Atkison, R.D., & Shiffrin, R.M. (1968). Human menyoia proposed system and its
control processes. In K. W. Spense & J. T. Speads.The psychology of
learning and mativation (pp. 91-105). Stanford, CA: Stanford University.

American Speech-Language-Hearing Association. (20tEtch 28).The prevalence and
incidence of hearing loss in childreRetrieved from http://www.asha.org/public/
hearing/Prevalence-and-Incidence-of-Hearing-Los&Ghildren/

Baddeley, A. (1992). Working Memor§cience. 255, 556-559.

Baddeley, A. (2000). The episodic buffer: a nemponent of working memory?
Trends in Cognitive Science, 4, 417-423.

Baddeley, A. (2003).Working memory and languageoerview.Journal of
Communication Disorders, 36, 189-208.

Baddeley, A., Gathercole, S., & Papagno, C. (1988¢ phonological loop as a language
learning devicePsychological Review, 105, 158-173.

Baddeley, A., & Hitch, G.J. (1974). Working memohy G. Bower (Ed.)The
psychology of learning and motivation (pp. 47 — 89). New York, NY: Academic
Press.

Bauernschmidt, A., Conway, C.M., & Pisoni, D.B. (®). Working memory training and
implicit learning. In Research on Spoken Languageéssing Progress Report
No. 29. Bloomington, IN: Speech Research Laboratoidiana University.

Bebko, J. M. (1979). Can recall differences amdmigieen be attributed to rehearsal
effectsanadian Journal of Psychology, 33, 96-105.

Bebko, J.M. (1984). Memory and rehearsal charasttesi of profoundly deaf children.
Journal of Experimental Child Psychology, 38, 415-428.

Bebko, J.M., & McKinnon, E.E. (1990). The languaggerience of deaf children: its

relation to spontaneous rehearsalnremory task.Child Development, 62,
1744-1752.

138



Blamey, P.J., Sarand.Z., Paatsch, L.E, Barry, J.G., Bow, C.P., Wake§,, Wright, M.,
Psarros, M., Rattiga, & Tooher, R.Q2PRelationships among speech
perception, production, language, ingdoss, and age in children with impaired
hearingJournal of Speech, Language, and Hearing Research, 44, 264-285.

Carter, A.K., Dillon, C.M., & Pisoni, D.B. (2002)mnitation of nonwords by hearing
impaired children with cochlear implants: suprasegtal analysesClinical
Linguistics & Phonetics, 16, 619-638.

Center for Disease Control and Prevention. (2088ymary of 2008 National CDC
EHDI Data. Retrieved from http://www.cdc.gov/ncbddd/hearingl@908-data/
2008 EHDI HSEFS Summary.pdf

Conway, C.M., Bauernschmidt, A., Huang, S.S., &RisD.B. (2010). Implicit
statistical learning in language processing: Waoeatljgtability is the key.
Cognition, 114, 356-371.

Conway, C.M., Bauernschmidt, A., Smith, G., & Pis@B. (in preparation). Improving
visual sequential learning through computerizenhiing.

Conway, C.M., Karpicke, J., Anaya, E.M., Henning; SKronenberger, W.G., & Pisoni,
D.B. (in press). Nonverbal cognition in deaf chédrfollowing cochlear
implantation: Motor sequencing disturbances medatguage delays.
Developmental Neuropsychology.

Conway, C.M., Karpicke, J., & Pisoni, D.B. (200€pntribution of implicit sequence
learning to spoken language processing: Some prelmfindings with hearing
adults.Journal of Deaf Studies and Deaf Education, 12, 317-334.

Conway, C.M., Pisoni, D.B., & Kronenberger, W.G0(®). The importance of sound for
cognitive sequencing abilities: The auditory solafing hypothesisCurrent
Directions in Psychological Science, 18, 275-279.

Conway, C.M. & Pisoni, D.B. (2008). Neurocognitivasis of implicit learning of
sequential structure and its relation to languagegssingAnnals of the New
York Academy of Sciences, 1145, 113-131.

Conway, C.M., Pisoni, D.B., Anaya, E.M., Karpicke, & Henning, S.C. (2011). Implicit
sequence learning in deaf children widhhlear implantdDevel opmental
Science, 14, 69-82.

Conrad, R. (1973). Some correlates of speech caditige short-term memory of the
deaf. Journal of Speech and Hearing Research, 16, 375-384.

139



Curtis, C.E., & D'Esposito, M. (2003). Persistecti\aty in the prefrontal cortex during
working memoryTrends in Cognitive Sciences, 7, 415-423.

Dawson, P.W., Busby, P.A., McKay, C.M., & ClarkM5.(2002). Short-term auditory
memory in children using cochlear implants andetevance to receptive
languageJournal of Speech, Language, and Hearing Research, 45, 789-801.

Dillon, C.M., Cleary, M., Pisoni, D.B., & Carter,.iK. (2004). Imitation of nonwords by
hearing-impaired children with cochlear implang&egmental analyse<€linical
Linguistics & Phonetics, 18, 39-55.

Dominey, P.F. (1997). An anatomically structuredssey-motor sequence learning
system displays some general linguistic capacitBzain and Language, 59, 50-
75.

Dunn, L.M., & Dunn, D.M. (2007)Peabody picture vocabulary test, fourth edition.
Minneapolis, MN: NCS Pearson, Inc.

Engle, R.W. (2002). Working memory capacity asceKive attentionCurrent
Directions in Psychological Science, 11, 19-23.

Fry, A.F., & Hale, S. (2000). Relationships amomnggessing speech, working memory,
and fluid intelligence in childrenBiological Psychology 54, 1-34.

Funahashi, S. (2001). Neuronal mechanisms of eixeccontrol by the prefrontal cortex.
Neuroscience Research, 39, 147-165.

Furth, Hans G. (1964). Sequence learning in apleasd deaf childrenJournal of
Soeech and Hearing Disorders, 29, 171-177.

Furth, H.G., & Pufall, P.B. (1966). Visual and awdy sequence learning in hearing-
impaired children.Journal of Speech and Hearing Research, 9, 441-449.

Gathercole, S.E, & Baddeley, A.D. (1989) Evaluatdnhe role of phonological STM in
the development of vocabulary in children: A longinal study.Journal of
Memory and Language, 28, 200-213.

Gathercole, S.E., Willis, C.S., Baddeley, A.D., &8lie, H. (1994). The children’s test
of nonword repetition: A test of phonological worg memory. Memory, 2, 103-
127.

Geers, A.E. (2004). Speech, language, and readitlg after early cochlear
implantation Archives of Otolaryngology-Head and Neck Surgery, 130, 634-638.

Geers, A.E., Nicholas, J.G., & Moog, J.S. (200%}irRating the influence of cochlear
implantation on language development in childréndiological Medicine, 5,
262-273.

140



Holmes, J., Gathercole, S.E., & Dunning, D.L. (2008daptive training leads to
sustained enhancement of poor working memory ildien. Devel opmental
Science, 12, F9-F15. Retrieved fromttp://wwwa3.interscience.wiley.com/cgi-
bin/fulltext/ 122269455/ HTMLSTART

Johnson, C., & Goswami, U. (2010). Phonologicalramwass, vocabulary, and reading in
deaf children with cochlear implantdournal of Speech, Language, and Hearing
Research, 53, 237-261.

Jonides, J., Smith, E.E., Koeppe, R.A., Awh, Endshima, S., & Mintun, M.A. (1993).
Spatial working memory in humans as revealed by.PEure, 363, 623-625.

Harris, M., & Moreno, C. (2004). Deaf children’seusf phonological coding: Evidence
from reading, spelling, and working memotournal of Deaf Studies and Deaf
Education. 9, 253-268.

Kaufman, S.B., DeYoung, C.G., Gray, J.R., JimeheZBrown, J., & Mackintosh, N.
(2010). Implicit learning as an abilityCognition, 116, 321-340.

Klingberg, T. (2010). Training and plasticity of vkeng memoryTrendsin Cognitive
Sciences, 14, 317-324.

Klingberg, T., Fernell, E., Olesen, P.J., Johndbn Gustafsson, P., Kahlstrom, K.,
Gillberg, C.G., Forssberg, H., & Westerberg, H.Q20D Computerized training of
working memory in children with ADHD—A randomizechntrolled trial.

Journal of the American Academy of Child and Adolescent Psychiatry, 44, 177-
186.

Klingberg, T., Forssberg, H., & Westerberg, H. (200 raining of working memory in
children with ADHD.Journal of Clinical and Experimental Neuropsychology, 24,
781-791.

Korkman, M., Kirk, U., & Kemp, S. (2007)NEPSY-Il. San Antonio, TX: Harcourt
Assessment Inc.

Kronenberger, W.G., Pisoni, D.B., Henning, S.@ls6n, B.G., & Hazzard, L.M.
(2010) Working Memory Training for Children with €ladear Implants: A Pilot
Study,Journal of Speech, Language, and Hearing Research, Advance online
publication: doi:10.1044/1092-4388(2010/10-0119)

Ling, A.H. (1975). Memory for verbal and nonverlailditory sequences in hearing-

impaired and normal-hearing childredournal of the American Audiology
Society, 1, 37-45

141



Logan, K., Maybery, M., & Fletcher, J. (1996). T$teort-tem memory of profoundly
deaf people for words, signs, and abstract spstiralli. Applied Cognitive
Psychology, 10, 105-119.

Merzenich, M.M., Jenkins, W.M., Johnston, P., Sttee C., Miller, S.L., & Tallal, P.
(1996). Temporal processing deficits of languaggAing impaired children
ameliorated by trainingScience, 271, 77-81.

Montgomery, J. W. (1995). Sentence comprehensiahiidren with specific language
impairment: The role of phonological working memalournal of Speech and
Hearing Research. 38, 187-199.

Montgomery, J. W. (2002). Understanding the langudifficulties of children with
specific language impairments: Does verbal workiregnory matterAmerican
Journal of Speech-Language Pathology, 11, 77-91.

O’Connor, N., & Hermelin, B.M. (1973) The spatialtemporal organization of short-
term memory.Quarterly Journal of Experimental Psychology, 25, 335-343.

Olesen, P.J., Westerberg, H., & Klingberg, T. (2004creased prefrontal and parietal
activity after training of working memorature Neuroscience, 7, 75-79.

Owen, A.M., Sterns, C.E., Look, R.B., Tracey, lasen, B.R., & Petrides, M. (1998).
Functional organization of spatial axwhspatial working memory processing
within the human lateral frontal corté oceedings of the National Academy of
Sciences of the United States of America, 95, 7721-7726.

Page, P.A., Cumming, N., Norris, D., Hitch, G.JcM&il, A.M. (2006). Repetition
learning in the immediate serial recéNisual and auditory materialdournal of
Experimental Psychology: Learning, Memory, and Cognition, 32, 716-733.

Parasnis, |., Samar, V.J., Bettger, J.G., & S#h¢1996). Does deafness lead to
enhancement of visual spatial cognition in chil@edegative evidence from deaf
nonsigners.Journal of Deaf Sudies and Deaf Education, 1, 146-152.

Pisoni, D.B. (1999). Individual differences in effweness of cochlear implants in
children who are prelingually deaf: viNprocess measures of performandata
Review, 101, 111-165.

Pisoni, D.B. (2000a). Cognitive factors and cochleglants: Some thoughts on
perception, learning, and memory in speech pemefar & Hearing, 21, 70-
78.

Pisoni, D.B. (2000). Working memory in deaf childneith cochlear implants:

Correlations between digit span and measures desplanguage processing.
Annals of Otology, Rhinology & Laryngology. 109, 92-94.

142



Pisoni, D.B., Conway, C.M., Kronenberger, W., HepiS., & Anaya, E.
(in press). Executive function, cogretcontrol, and sequence learning in deaf
children with cochlear implants. In M. MarscharkP& Spencer (Edspxford
Handbook of Deaf Sudies, Language, and Education.

Pisoni, D.B. & Geers, A. (2000). Working memorydeaf children with cochlear
implants: Correlations between digit span and messof spoken language
processingAnnals of Otology, Rhinology, & Laryngology, 109, 92-93.

Postle, B.R., Berger, J.S., Taich, A.M., & D'EsposM. (2000). Activity in human
frontal cortex associated with spatiatking memory and saccadic behavior.
Journal of Cognitive Neuroscience, 12, 2-14.

Pothos, E.M., & Wood, R.L. (2009).Separate infllenm learning: Evidence from
artificial grammar learning with traumatic brainury patientsBrain Research,
1275, 67-72.

Reber, A. (1967). Implicit learning of artificiat@gmmarsJournal of Verbal Learning
and Verbal Behavior, 6, 855-863.

Roodenrys, S., & Stokes, J. (2001). Serial reaadl nonword repetition in reading
disabled childrenReading and Writing: An Interdisciplinary Journal, 14, 379-
394.

Saffran, J.R., Aslin, R.N., & Newport, E.L. (19963tatistical learning by 8-month-old
infants. Science, 274, 1926-1928.

Shalev, L., Tsal, Y., & Mevorach, C. (2007). Cortgrized progressive attentional
training (CPAT) program: Effective direct intentam for children with ADHD.
Child Neuropsychology, 13, 382-388.

Sharma, A., & Dorman, M. (2006). Central auditdewelopment in children with
cochlear implants: Clinical implication8dvances in Oto-Rhino-Laryngology, 64,
66-88.

Sharma, A., Tobey, E., Dorman, M., Bharadwaj, SartM, K., Gilley, P., & Kunkel, F.
(2004). Central auditory maturation and babblingeligoment in infants with
cochlear implants.Archives of Otolaryngology--Head & Neck Surgery, 130,
511-515.

Sheslow, D., & Adams, W. (2003)Vide range assessment of memory and learning
second edition. Lutz, FL: Psychological Assessment Resources, Inc.

Smith, E.E,, & Jonides, J. (1999). Storage and@iex processes in the frontal lobes.
Science, 283, 165-1661.

143



Spiedel, G.E. (1993). Phonological short-term megnamd individual differences in
learning to speak: A bilingual case studiyrst Languages, 13, 69-91.

Sterritt, G.M., Camp, B.W., & Lipman, B.S. (196&ffects of early auditory deprivation
upon auditory and visual information processingerceptual and Motor kills, 2,
123-130.

Thorell, L.B., Lindqvist, S., Nutley, S.B., Bohlig., & Klingberg, T. (2009). Training
and transfer effects of executive functions in phe®| children Developmental
Science, 12, 106-113.

Watson, D.R., Titterington, J., Henry, A., & TondrG. (2007). Auditory sensory
memory and working memory processes in childreh wirmal hearing and
cochlear implantsAudiology and Neurotology, 12, 65-76.

Wayne, G., Long, G., & Dowaliby, F. (1997). Workingemory capacity and
comprehension processes in deaf readetsnal of Deaf Studies and Deaf
Education, 2, 78-94.

Westerberg, H., Jacobaeus, H., Hirvikoski, T., Emrger, P., Ostensson, M.L., Bartfali,
A., & Klingberg, T. (2007).Computerized working mery training after stroke-
A pilot study.Brain Injury. 21, 21-29.

Wexler, B.E., Anderson, M., Fulbright, R.K., & Go1J.C. (2000). Preliminary evidence
of improved verbal working memory performance andwmalization of task-
related frontal lobe activation in schizophrenilidiwing cognitive exercises.
American Journal of Psychiatry, 157, 1694-1697.

Willstedt-Svensson, U., Lofgvist, A., Almgvist, &,Sahlen, B. (2004). Is age at
implantation the only factor that counts? The ieflae of working memory on
lexical and grammatical development in childrentwvgbchlear implants.
International Journal of Audiology, 43, 506-515.

144



Appendix A. Parent Questionnaire

OG-ty
Subject number
Please complete the following questionnaire, place it in the envelope marked “parent
questionnaire,” and mail it to me at the address provided.
All the data obtained below will be kept confidential by using a coded system. Your
child’s personal information will only be listed on a hardcopy master list that will be kept
in a locked file cabinet in Michelle Gremp’s locked office.
Your gender: M F Your date of birth
Study participant’s gender: M F  Study participant’s date of birth
How many siblings does the study participant have?
List gender and date of birth for each:
Age at which hearing loss was identified:
Cause of hearing loss, if known:
Degree of hearing loss: ____moderate severe profound
Age of initial amplification: Right ear: Left ear:
Date of implantation (if applicable): Right ear: Left ear:
If child has cochlear implant, please indicate the following if known:

speech coding strategy

number of active electrodes

type of CI processor
Did your child receive early intervention service? no yes.

If yes, please indicate where and for how long.
Has your child been diagnosed with ADHD? no yes
Please list any additional diagnoses:
{ WU
HRPO
l Approved AQLL2 LT
Gremp

Parent questionnaire, |
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Subject number

For the remaining questions, please answer in regards to the study participant’s primary
caregiver. If you are the primary caregiver, then answer these questions in regards to
vourself. If you are not the primary caregiver, please answer fo the best of your
knowledge. If you are unabie to answer any of the questions, please write UNSURE.

1. Please circle primary caregiver’s ethnicity (optional):

a. Hispanic or Latino
b. Not Hispanic or Latino
¢. Do not wish to report

2. Please circle primary caregiver’s race (optional):

a. American Indian or Alaskan Native

b. Asian

¢. Native Hawaiian or Other Pacific Islander
Black or African American

White

More than one race

Other

Do not wish to report

3. What is the primary caregiver’s first language(s) spoken:

4. Is the primary caregiver a fluent speaker of a foreign language? Yes No

If “YES,” which language?

5. Please circle the highest level of education the primary caregiver has completed:

Did not graduate high school

High school

Some college, please indicate number of semesters
completed:

Associate’s Degree

Bachelor’s Degree

Master’s Degree

PhD

o op

wme o

6. Is the primary caregiver currently:
a. Unemployed
b. Student — unemployed
¢. Employed, part-time

Gremp
Parent questionnaire, 2
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Subject number

d. Employed, full-time
e. Keeping house
f. Retired

“§. Is the primary caregiver currently:

Married

Widowed

Divorced
Employed, full-time
Separated

Never Married

mo e o

8. Is the primary caregiver’s spouse/partner:

Unemployed

Student ~ unemployed
Employed, part-time
Employed, full-time
Keeping house
Retired

N/A

® e e o

@. Which category best describes the primary caregiver’s combined yearly household
income?

Less than $15,000
$15,001 to $20,000
$20,001 to $25,000
$25.001 to $30,000
$30,001 to $40,000
$40,001 to $50,000
$50,001 to $60,000
$60,001 to $70,000
$70,001 to $80,000
$80,001 to $90,000
$90,001 to $100,000
$100,001 to $150,000
. Greater than $150,001

BrRATIIER MO AR o

WU~
HRPO
Approved /D [/ @ /o

Gremp
Parent questionnaire, 3
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APPENDIX B. Subject Characteristics for Deaf or Had of Hearing Group

Subject Degree of hearing loss Device type
Early
Right ear Left ear Right ear Left ear intervention ADHD
S1 Profound Profound Cl Cl Yes No
S2 Profound Moderate-
profound HA Cl Not reported No
S3 Profound Profound Cl Cl No No
S4 Moderate- Moderate-
severe severe HA HA Not reported Yes
S5 Mild-severe  Mild-severe HA HA Not reported Yes
S6 Severe- Severe-
profound profound Cl HA No No
S7 Moderate- Within normal
profound limits-
profound Cl HA Yes Yes
S8 Mild- Mild-
moderate moderate HA HA No No
S9 Severe Severe Cl HA No No
S10 Profound Profound Cl Cl Not reported No
S11 Profound Profound Cl Cl Yes No
S12 Profound Profound Cl Cl Yes No
S13 Severe- Severe-
profound profound Cl Cl Yes Yes
S14 Moderate Moderate HA HA Yes No
S15 Severe Severe HA Cl Yes No
S16 Profound Profound Cl Cl Yes No

148



S17

S18

S19

S20

S21

S22

S23

S24

S25

S26

S27

S28

S29

S30

S31

S32

Severe-
profound

Moderate

Severe-
profound

Profound

Mild-
moderate

Mild-
moderate

Profound
Profound

Moderate-
profound

Profound

Severe-
profound

Moderate
Moderate
Profound
Profound

Profound

Severe-
profound

Moderate

Severe-
profound

Profound

Mild-
moderate

Mild-
moderate

Profound
Profound

Moderate-
profound

Profound

Severe-
profound

Moderate
Moderate
Profound
Profound

profound

HA

HA

HA

Cl

HA

HA

Cl

Cl

Cl

Cl

Cl

HA

Cl

HA

HA

HA

Cl

HA

Cl

Cl

HA

HA

Cl

Cl

HA

HA

Cl

Cl

HA

HA

HA

HA

No

No

Yes

Yes

Not reported

Not reported

Not reported

Yes

Yes

Yes

Yes

No

Yes

Yes

Yes

No

No

No

No

No

No

No

No

No

Yes

Yes

No

No

No

No

No

No
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APPENDIX C. Words for Nonword Repetition Assessmen

Number of syllables

Target nonword

Target nonword IPA

transcription

Ballop 'bae.bp
Prindle 'pain.dl
2 Rubid "1u,bid
Sladding 'slee.di)
Tafflist 'tee.flist
Bannifer 'bae.n for
Berrizen 'be.1o,zin
3 Doppolate 'da.po leit
Glistering 'gli.sta.in
Skiticult 'ski.ro,kalt
Comisitate ka'mi.so teit
Contramponist #n'tieem.p,nist
4 Emplifervent em'pli.favvent
Fennerizer 'fe.nox ai.zon
Penneriful p'ne.1o,fAl
Altupatory eeltu.po,to.di
Detratapillic di'tieers,pi.lik
S Pristeractional 'pai.stazekfa.nl

Versatrationist
Voltularity

'Vor. 0, tuei.fo,nist
'val.tfu le.ao ti
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APPENDIX D.1. Pretraining Descriptive Statisticsby Hearing Status

Deaf or hard of hearini Typical hearing
N Mean SD N Mean SD
Age at start of training ir
months 32 94.6¢ 21.44 29 93.21 11.38
PPVT 4 standard score 32 79.34 15.61 29 115.21 12.53
PPVT 4 raw score 32 86.8€ 24.67 29 14434 22.51
Verbal tasks
NEPSY-II
Naming scaled 30 8.83 3.55 21 11.33 2.67
Inhibition scaled 28 8.14 3.14 21 9.76 2.97
Switching scaled 16 7.88 2.53 11 9.09 2.59
Naming vs inhibition
scaled 28 8.32 3.24 21 8.90 3.00
Inhibtion vs. switching
scaled 16 7.62 1.63 11 8.18 1.72
Nonword Repetition
Total number of words
correct 32 3.09 2.52 28 13.18 3.32
2 syllable words correc 32 0.75 0.80 28 3.79 0.83
3 syllable words correc 32 1.12 0.94 28 4.07 1.12
4 syllable words correc 32 0.47 0.76 28 3.14 0.85
5 syllable words correc 32 0.66 .79 28 2.43 1.50
Total syllable errors 32 4.47 4.28 28 0.79 1.23
Syllable errors in
2 syllable words 32 0.47 0.62 28 0.07 0.26
Syllable errors in
3 syllable words 32 0.87 1.24 28 0.07 0.26
Syllable errors in
4 syllable words 32 1.22 1.50 28 0.25 0.52
Syllable errors in
5 syllable words 32 1.91 1.94 28 0.39 0.74
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Sequence Learning Tas
Repeating with color
stimuli

Novel with color stimul

Nonverbal tasks
WRAML scaled

Sequence Learning Tas
Repeating with black
and white stimuli

Novel with black and
white stimuli

32

2(

32

32

5.50

3.9C

9.47

5.44

4.12

2.42

1.48

2.92

2.98

1.45

29

21

29

29

19

7.90

5.05

11.41

7.55

4.68

2.50

1.02

1.99

3.21

0.89
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APPENDIX D.2. Posttest 1 Descriptive StatisticsypHearing Status

Deaf or hard of hearin Typical hearing
N Mean SD N Mear SD
NEPSY-II
Naming scaled 30 10.0C 3.77 29 11.83 3.32
Inhibition scaled 29 10.14 3.40 29 11.5¢ 2.97
Switching scaled 17 10.24 3.21 19 12.2€ 2.40
Naming vs. inhibition
scaled 29 10.1C 3.00 29 11.0C 3.06
Inhibition vs. switching
scaled 18 8.33 2.03 19 13.0C 2.29
Nonword Repetition
Total number of words
correct 32 3.88 3.05 28 14.54 2.52
2 syllable words correc 32 1.13 0.87 28 4.04 1.14
3 syllable words correc 32 1.50 1.30 28 4.36 0.78
4 syllable words correc 32 0.69 0.93 28 3.43 0.96
5 syllable words correc 32 0.59 0.80 28 2.75 1.43
Total syllable errors 32 3.94 4.63 28 0.43 0.69
Syllable errors in
2 syllable words 32 0.25 0.51 28 0.07 0.26
Syllable errors in
3 syllable words 32 0.56 1.13 28 0.07 0.26
Syllable errors in
4 syllable words 32 1.28 1.67 28 0.11 0.32
Syllable errors in
5 syllable words 32 1.84 1.92 28 0.18 0.48
Sequence Learning Tas
Repeating with color
stimuli 32 5.31 2.57 29 8.07 3.49
Novel with color
stimuli 20 3.75 1.21 21 4.901 1.00
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Nonverbal tasks
WRAML scaled 32

Sequence Learning Tas
Repeating with black
and stimuli 32

Novel with black and
white stimuli 17

10.53

5.31

3.65

2.50

2.60

0.93

29

29

20

11.72

8.59

4.40

1.98

3.84

1.00
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APPENDIX D. 3 Posttest 2 Descriptive Statistics bilearing Status.

Deaf or hard of hearint Typical hearing
N Mear SD N Mear SD
NEPSY-II
Naming scaled 29 9.76 3.83 29 12.9C 3.22
Inhibition scaled 29 10.62 3.59 29 12.5E 3.03
Switching scaled 15 9.53 2.90 19 13.42 2.85
Naming vs. inhibition
scaled 29 10.8€ 2.90 29 11.7€ 3.15
Inhibition vs. switching
scaled 14 8.71 2.02 19 12.63 3.30
Nonword Repetition
Total number of words
correct 31 4.13 3.00 28 14.2¢ 2.88
2 syllable words corret 31 1.06 0.96 28 4.07 0.81
3 syllable words corret 31 1.55 1.31 28 4.29 0.76
4 syllable words corre« 31 0.84 1.00 28 3.25 1.27
5 syllable words corret 31 0.68 0.79 28 2.68 1.25
Total syllable errors 31 3.65 4.02 28 0.25 0.65
Syllable errors in
2 syllable words 31 0.32 0.54 28 0.00 0.00
Syllable errors in
3 syllable words 31 0.58 1.06 28 0.14 0.36
Syllable errors in
4 syllable words 31 1.06 1.59 28 0.04 0.19
Syllable errors in
5 syllable words 31 1.68 1.68 28 0.07 0.26
Sequence Learning Tas
Repeating with color
stimuli 31 5.71 2.74 29 8.72 3.70
Novel with color
stimuli 20 4.10 0.85 21 4.95 0.97
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Nonverbal tasks
WRAML scaled 31 9.71 0.34 29 12.34 1.68

Sequence Learning Tas
Repeating with black

and white stimuli
31 5.52 2.58 29 8.17 3.74

Novel with black and
white stimuli 17 3.82 1.13 20 4.65 1.18
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APPENDIX D.4 Device Type and Training Condition 6r Deaf or Hard of
Hearing Subjects

Subject Device type Condition
Right ear Left ear

S1 Cl Cl Adaptive
S2 HA Cl Control
S3 Cl Cl Adaptive
S4 HA HA Adaptive
S5 HA HA Control
S6 Cl HA Control
S7 Cl HA Adaptive
S8 HA HA Control
S9 Cl HA Control
S10 Cl Cl Adaptive
S11 Cl Cl Control
S12 Cl Cl Control
S13 Cl Cl Control
S14 HA HA Adaptive
S15 HA Cl Control
S16 Cl Cl Adaptive
S17 HA Cl Control
S18 HA HA Adaptive
S19 HA Cl Adaptive
S20 Cl Cl Control
S21 HA HA Control
S22 HA HA Adaptive
S23 Cl Cl Adaptive
S24 Cl Cl Adaptive
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S25 Cl HA Control
S26 Cl HA Adaptive
S27 Cl Cl Control
S28 HA Cl Control
S29 Cl HA Control
S30 HA HA Adaptive
S31 HA HA Adaptive
S32 HA HA Adaptive
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APPENDIX D.5 Summary of Analyses by Device Type

A univariate analysis of variance (ANOVA) was perhed on all pretraining
assessment measures to determine the presencgsgaificant differences by device
type. Children in this study were fit with two higgy aids (n = 10), two cochlear
implants (n = 11), or one cochlear implant and loearing aid (n = 11). No significant
differences were revealed on the PPVT 4, any ofdbks of the NEPSY-II inhibition
subtest, or the sequence learning tasks with stilmuli. For the final verbal
assessment, the Children’s Test of Nonword Repagtithere were no differences for the
total number of words correctly produced or forreotly produced nonwords two and
three syllables in length. There were, howeveniigant differences by device for the
correct production of nonwords that were four 9yl#a in lengthp < .05. Mean number
of four syllable nonwords correctly produced wasSdor the group with 2 cochlear
implants, 0.00 for the group with one implant amé diearing aid, and 0.90 for the two
hearing aid group. Likewise for the number of eotly produced five syllable nonwords
a difference by device type was revealed as weH thie mean for the group with two
implants, one implant and one hearing aid, andhearing aids being 0.36, 0.46, and
1.20 respectively. For the total number of sykadirors and for errors at each syllable
length there were no significant differences byidevype. There were also no
significant differences in performance on any & ttonverbal assessments (WRAML 2
and the sequence learning tasks with black andevebior stimuli.
Following the visuspatial sequencing regimen, gennce on each of the assessment
measures was examined in a 3 (Device Type) x dr(ifigaCondition) x 3 (Time)

repeated measures ANOVA with the last factor tickaterepeated measure with unequal
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spacing. Only one significant result was reveaeany of the assessment tasks.
Analysis of the number of nonwords three syllalmelength that were produced
correctly revealed a significant interaction of @evType x Time~(2,25) = 6.45p <
.01. Using Bonferroni correction, pairwise compan showed that subjects with two
hearing aids increased the number of correctlyyced words from pretraining (M =
1.13) to the second posttest (M = 2.17).

The reason for improvement in production of tregkable nonwords for the
subjects with hearing aids is unclear. Howevex,gtesence of just a single significant
result in the analyses by hearing status amongf #le pretraining to post training
analyses indicates that device type did not pleagor role in performance outcomes.
For this reason all analyses reported in the bddlyi® paper combined all three device

types into one group of deaf or hard of hearingesib.
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