EQUIVALENT HEARING LOSS IN CHILDREN

IlnauguraiDissertation

zur Erlangung des Doktorgrades
der Humanwissenschaftlichen Fakultat
der Universitat zu Koln
nach der Promotionsordnung vom 10.05.2010

vorgelegt von
Sandra Nekes
aus Hoxter

Koln April 2016



Zusammensetzung der Prifungskomission:
1. Berichterstatter: Prof. Dr. Ir. F. Coninx (Universitat zu Koéln)
2. Berichterstatter: Prof. Dr. Ir. A Snik (Radboud Universiteilijmegen)






I.  ACKNOWLEDGEMENTS

| sincerely thank Prof. Dr. Ir. Frans Coninx for his support and guidance in these past years.

Thank you for never doubting my abilities and making me believe in them when needed.

| thank Prof. Dr. Ir. Ad Snik for the inspiring ground work on the equivaleatihg loss
concept forming the main idea for this dissertation. Thank you for the interest and willingness

to support me in my work.

| thank Dr. Anneke Vermeulen for her extremely patient and always kind assistance throughout

this journey.

Thanks to albuccessful doctoral students who shared their wisdom anidni® ofstruggle.

And finally | thank all of my family, friends and colleagues who remained unbelievably

considerate and supportive along the way.

Danke.



ANi cht s ko mundnuvwenigist wh aser. Dartinbesinnt Euch auf
Eure Kraft und darauf, dass jede Zeit eigene Antworten will und man auf ihrer Héhe

Zu sein hat, wenn Gutes bewirkt werden sol

Willy Brandt

IAus einem GruRwort an den Korgs der Sozialistischen Internationale in Berlin,Sé&ptember 1992



[I. ABSTRACT

Aim: Early intervention is the key to spokenperformances were compared to the performances of
language for hearing impaired childreA severe children usingCl.
hearing loss diagnosiis a young childaises theirgent
question orthe type ofoptimalhearing aid device. But
indication criteria differ not only from country to
country, but sometimes from clinic to .

Results: AAST speech recognition results in quiet

showed a significantly better performance for the CI

group in comparison to the group of profoundly

impaired hearing aid users as well as the group of

As there is no recent datan comparing selection severely impaired hearing aid users. The samedtren

criteria for aspecifichearing aiddevice the goal of the could be observed in the performance of high frequency

Hearing Evaluation of Auditory Rehabilitation Devicess peech mat er i al . However the
(hEAR) projec{Coninx & Vermeulen, 2012)volved in speech perception in noiskd not vary from the

to collect and analyzeintedingually comparable hear i ng aid usersd perfor manc
normative data on the speech perception perdoces or severe hearing loss.

of children with hearing aids and children hlear Within the collecéd data analyses showed that children

implants Cl). The hEARd project followed the . .
Equivalent Hearing L ¢ of the 196Bsik et with a Cl show an equivalent performance on speech
quivalent Hearing Loss concept of the 19¢8sik e 8erception in quiet as children using hearing aids with

al., 1997a) The performance of CI users is interprete o N . . .
) . . \ a Afimoder at eo hearing i mpairm
in comparison to the performance of hearing aid users

. X . ) Performance on speech perception in noise appeared
in relation to their degree of hearing loss. Collected data .
poorly compaed to their overall performance.

allows to derive arequivalent hearing loss (EHL)

value. It can give an indication, from which level of Conclusion The test batteryurned out to be
hearing loss on a Cl can offer statistically better speeénhusefuldiagnostic tool tevaluatethe performance on
perception in the used tests and up to which level a chitgiditoly speech perception skilia hearing impaired
benefits adequately from hearing aids compared to tkildren.It allows a comparison of performances based
average performance of children using hearing aids. on different parameters such as type of technical

. o . hearing aid device.
Method: In various institutions for hearing

rehabilitation in Belgium, Germany and theFor the daily educational routine it can be concluded
Netherlands the Adaptive Auditory Speech Te&8T thatespecially children using hearing aids with hearing
(Coninx, 2005)i amongst other tests of the BELLSlosses greater than 60 dBave distinctly greater
softwae (Battery for the evaluation of listening anddifficulties in the auditory percemn of speech
language skills) was used in the hEARd project, tocomparedto children with lower hearing losses or
determine speech perception abilities in kindergarteghildren using CISpeech perceptian an educational
and school aged children, usi@gor hearing aids with environment needs to be ensured. Educational concepts
a hearing loss acquired within their firstayeof life. as well as the optimization of technical devices should

. . . . be topics in theongoing corsultation of child and
Achieved results in audiometric procedures such Smily
speech perception in quiet or in noise as well as the
performance when using high frequency speechhis is one task that needs to be addressed by the field
material were matched to the unaided hearing log$ educational audiology as well as a necessary
values of children using hearing aids amdnpared to reevaluation of outcomes with upcoming developments

results of children usin@l. of technicalhearing devices

277 data sets of hearing impaired children were

analyzed. Results of children using hearing aids were

summarized in groups as to their unaided hearing loss

values. The grouping was related to Werld Health

Organ z at Wel@)@rading of hearing impairment

from mild (251 40 dB HL) to moderate (4 60 dB HL),

severe §1-80dBHL) and profound hearing

impairment 80dBHL and highey . These groups©6
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Motivation: Friihe Intevention ist der Gruppen nach unversorgtem Hoérverlust
Schliissel zu gesprochener Sprache fur Kinder mitisammengefasst. Die Gruppierung erfolgte in
Hoérbeeintrachtigung. Die Diagnose hochgradig Anlehnung an die Einteilung nach Schweregrad der
Schwerhérig bei einem kleinen Kind bringt dieHoérbeeintrachtigung der WHO von geringgradiger
dringende Frage nach der optimalen technischgB5i 40dB HL) Giber mittelgradige (4860 dB HL) hin
Hérhilfenversorgung mit  sich. Jedoch variierereu hochgradjer 61-80dBHL) und an Taubheit
Indikationskrterien nicht nur zwischen verschiedenergrenzenderSchwerhdrigkeit §0dB HL und hohe).
Landern, sondern gegebenenfalls schon zwisch&ie Ergebnisse dieser Gruppen wurden mit den
unterschiedlichen Kliniken. Ergebnissen der Kinder mit CI verglichen.

Die Zielsetzungd es Pr oj ekt es A hear i Brgebnisse:die LEggebnisser des AAST in
auditory r ehabiikurz teahEARIN Ruthezeigten eis signifikant besseres Spracitehen
Projektes(Coninx & Vermeulen, 2012) entwickelte der ClI Gruppe im Vergleich zur Gruppe der an
sich aufgrund mangelnder aktueller Daten z@Taubheit grenzend scherhérigen Horgeratenutzer,
Auswahlkiterien spezifischer technischer Hoérhilfen;sowie der hochgradig schwerhérigen Horgeratenutzer.
interlingual vergleichbare Norrmaten zu auditiven Dieser Trend konnte auch iden Ergebnissen zum
Fahigkeiten der Sprachwahrnehmung von Kindern mitochfrequenten Sprachmaterial beobachtet werden.
Horgeraten und Cohlea Implantaten (Cl) zu erhebebie Emebnisse der CTrager beim Sprachverstehen
Das hEARd Project basiert auf dem Konzept dem Storgerduschunterschieden sich jedoch nicht von
A quivadrewnerinudt esid ( eq udeneadeeHbrgerdtetigar minag Tdubheit grenzender
EHL) der 90er Jahre(Snik et al, 1997a) Die oder hochgradiger Schwerhdrigkeit.

Performance on CI Nutzern wird im Vergleich zur .
B i . Im Rahmen der Datenanalyse konnte gezeigt werden,
Performance von Horgerate Nutzern im . . . . .
dass Kinder mit eima Cl aquivalente Ergebnisse im

Zusammenhang zu deren unversorgten Grad dgf)rachverstehen in Ruhe erreichten, verglichen mit

Horverlustes interpretiert. Die erhobenen Dateﬁdrgeréteversorgten Kindern, welche mittelgradig

ermoglichen ~die  Ableitung  eines aqulValemerI!u'jrbeeintrachtigt sind. Die Leistung der-Tiager

Horverlust Wertes (EHL WertesDieser kann @ie beim Sprachverstehen im Stérgerdusch erschien im

Indikation dartber geben, von welchem Hérverlust . . .
. o . ergleich zum gesamterb&chneiden jedoch schwach.
ein Cl statistisch gesehen eine verbesserte

Sprachwahrnehmung in den eingesetzten Testverfahren Fazit: Die Testbatterie erwies sich als
bieten kann und bis zu welchem Hérverlust ein Kinditzliches  diagnostisches  Instrumentarium  zur
adaquat von seinen Horgeraten profitierérglichen Evaluation  von  Fahigkeiten  zur  auditiven
mit der durchschnittlichen Performance von KinderSprachwahrnehmung bei Kindern mit
mit Horgeraten. Horbeeintrachtigung.Das TestSet ermdglicht den
Vergleich von Ergehissenhinsichtlich verschiedener
Parameter, wie zum Beispiel die Art der technischen
ri—k‘jrhilfenversorgun(_:j.

Methode: In verschiedenen Einrichtungen zur
Horrehabilitation in Belgien, Deutschland und de
Niederlanden wurde dekdaptiv Auditive Sprachtest
AAST (Coninx, 2005)i neben weitene Tests der FUr denpadagogischen Alltag kann geschlussfolgert
BELLS Software (Battery for the evaluation ofwerden, dass vor allem Kinder mit Horgeraten und
listening and language skillsim Rahmen des hEARd einem Horverlust Gber 60 dB deutlich groRere
Projektes eingesetzt, um die Fahigkeiten zupchwerigkeiten in der auditiven Verarbeitung von
Sprachwahrnehmung bei Kindern im KindergartenSprache haben, als Kindeit geringeren Horverlusten

und Schulalter, welche CI oder Horgerét nutzen ureder — Kinder ~ mit ~ Cochlea  Implantat.
einen Horverlust innerhalb des ersten Lebensjahr&prachwahrnehmung im schulischen Kontext muss
erlitten, zu erfassen. entsprechend abgesichert werden. P&adagogische

Konzepte, sowie eine Optimiang der technischen

Die Resultate der audlometrlsch&)‘ntersuchungen,.Hdrh”fen sollten Thema der fortlaufenden Beratung
welche unteanderem Sprachverstehen in Ruhe und Iraes Kindes und seiner Eamilie sein

Storgerausch, sowie das Verstehen von Material mit

erhohten hochfrequenten Spractalen umfassten, Dies ist eine Aufgabe im Bereich der padagogischen
wurden in ein Verhaltnis zum unversorgten Horverlushudiologie, wie aber auch die notwendige

der Kinder mit Hérgeraten gesetzt und dann mit delReevaluation von Ergebnissen, welche mit zukiinftigen
Ergebnissen der Kinder mit CI vergliche77 Entwicklungen technischer Horhilfen erreicht werden

Datensatze horgeschadigter Kinder wurden analysiekdnnen.

Ergebnisse der Kinder mit Horgeeat wurden in

VI
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1. INTRODUCTION

1. INTRODUCTION

Max andAnnahavecome withtheir parents to an audiological center. Anna is 10

months old. She did not pass the bem hearing screening and furthdragnoss

confirmed a profound hearing impairmenthe recentappointment is about

informing the family on the planned procedure of sequential cochlear implantation.
Annads parents have Kknoseveraljearsbecausdler ol ogi c al

older brother Max isalso hard of hearing.

Thenewborn hearing screeningas just instatedtthe timeMaxwas born six years
ago, but unfortunately not executedtlaits clinic at that time.Max was diagnosed
with a moderate hearing impairment approximately50 dB HL when he wa26
monthsold. Regular monitoring of his auditory and verbal development with

hearing aidsshowed grogressivehearing losover the years.

At this pointin time, M a s language developmenespeciallythe development of
expressive vocabularys age adequateHowever the ability of adaptig and
interpreting certain morphological principles (markings of plural or rive

conjugationsappears slightly below the agelatedstandards.

This past summeéviax entered primary school, where he is supported by a teacher
from the school for the hearing impaired once a week. His teachers are well
informedabout hishearing impairment and the use leéaring aids and wireless
communication devices implemented in the classroom. They report that Max is

doing well and meets the requirements of the curriculum.

Following hislast audiological tesit was statedhat the average hearing loss had
increased up to approX5dB. Theunaidedhearingthresholdn the last audiogram
decreasd from 55 dBHL at 250 Hz down to 90 dB HL atk8iz.In the current
aidedspeech audiogram with his Phonbliaida IIl UP hearingaids, Max could
understand 0% of the words presented at 505{B¢ at 65 dB and(% at 80 dB

(binaural test). This is a decrease since |t test six months ago.
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1. INTRODUCTION

Within the decisioma ki ng process for Annadés cochl eal
asked ifMax was becoming a candidate for an imptable hearing aid device

since his hearing lossas increasing, resulting in poorer speech perception results.

However, theywlso wonderedf this was the ridht time and if the step from dréeng

aid to a cochlear implant@l) was necessanOr, if better hearingwas possible

with new hearing aiglor evena new hearing aid fitting.

This is justone example of an actubbckgound behind the question, if @ is the right
technicalhearing device for a child’hesethoughs lead tothe questiorof probable outcome
in the development of understanding speech witli mmstead of a hearing aith the past 30
years ofdevelopmentin the field of cochlear implantatiorto aid children with hearing
impairment, these questions have besgeatedly askeduthave not yet beeanswered with

certainty.

1.1 MOTIVATION : PERSPECTIVE FROM DAILY PROFESSIONAL ROUT INE

The diagnosis fAheari ng i asweal asrfearth patentsTheyae can r
confronted with medical informatioanddifferentoptions andhave to make decisionat the

end

After the diagnosisan immediate first hearing aid fitting is recommended to offer optimal
auditory access to spoken language as soon and as long asep@4sibl closely watching the
auditory gain, specifically a c¢childbds 1|iste
hearing aid provision needs to be discussed and closely monitored. In cases of insufficient
auditory gainthe result of a profounar progressive hearing impairmentCacan be presented

asa medicalhear i ng aid device. Tehds wiih adeasiorifos & d e ci S

against an implantation surgdoyr this specific hearing aid device.

While choosingan optimal hearing devigsuch as &1 or hearing aidquestiongboutprobable
long-term outcomes in terms of auditory speepbrception skills and spoken languag
developmenare raised. Irthis estimation, many aspects are to be factored in. The question,

what kind of device should be chostenallow a young child best auditory access to spoken

18



1. INTRODUCTION

language, is difficult to answer in many cagéseselection citeria differ not only from country

to country, but sometimes from clinic to clinic.

One goal of thénearing evaluation of auditory rehabilitation devieSARO0) projectwas to
collect and interpret data on the auditory speech perception iskitlsildren with hearing

impairment using acoustically or electrically stimulating hearing devices.

The conceptof assessing and comparing reswatschildren using hearing aids and children
usingCls in a standardized wayolved fromthe equivalent hearing loss (EHL) concept of the
1990s.

1.2 OVERVIEW

In this dissertatioyresults of the hEARd projebtave beemprovided as normative datahich
can be used as a measureffitacy of the different types of hearing deviegdifferent levels

of auditory speech perception skills.

Following a brief look into the development of hearing aids @fedn the past 30 years, the
state of the art i n the pr ojGhaptedasingeamstofi ci pat

selection criteria on hearing device provision.

Chapter 3 deals with thgresentation and discussion of available speech tests in pediatric
audiology This project also uses th&daptive Auditoy Speech Test (AAST) as an intra
European test for speech audiometry

The development of the hEARd project and its study design are introduced in the process
(Chapter 4). It focuseson the included subtests gart of the Battery for thEvaluation of
Language andisteningSkills (BELLS). BELLS is atest battery capturing the developmental

state of auditory (speech) perception skills in children with hearing aidSland

Research questis, formulatedat the beginning of the projedCitapter 5), are answered on
the basis ofdatacollectedfrom the hEARd project. Analyses are presenteChapter 6,

followed by thé evaluation inChapter 7.

Further quesbns which have sprung up in the course of fireject have resultedn the
development of new speech test material for pediatricTusedesign and development of the
Word Recognition inSentencesTest (WRIST) is documented irChapter 8, including the

results of preliminary data collection.
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While concluding this dissertation i€hapters 9 and 10, project outcomes and their
controversial aspects are discussed in the context of recenifgcigistourseand possible

consequences for educational and therapeutic practice.

1.3 ORIGINAL AIM OF EHL STUDY IN THE 90s

In the early 199Qsresults in the development of auditory speech perception siiltee
profoundly hearing impaired and deaf childnesingCls seemed remarkable in somases.
Evenageappropriate spoken language developnuentld be reportedout due to the broad

spectrum of influential factorghe performances wetardly comparabléSnik et al, 1997b)

In 1997 the research group around Snik in Nijmegen presented resulteropaigson between
performances in auditory speech perception of children using Cl and performances of hearing
impaired children using hearing aids. A standardized assessment provaddeyelopedo

document the longerm hearing development offiildren with CI.

The performances of children with hearing aids having different degrees of hearitogrioss

the basisof the comparisonWithin the assessment battery, speech perception was to be
measured at different levels offdiulty and compéxity (Snik et al, 1997a) It startedata basic

level with closeekd discrimination tasksncluding meaningful words of different lengtland

the same task with nonsense worlsis wasfollowed by closeéet word identification tasks

at different levels of difficulty (different word lengthsame word lengthAt the highest level

the test battery included an open set word recognition test. lastsuarding toincreasing
difficulty, three scores were obtained from the test batb&ryal speech perception scaverd

identification scoreandopen set speealcognition score

20
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Performances were summarized to a percentage value (percent correct) for each score. For the
hearing aid groua correlation between performance level and degree of hearing loss could be
shown.Lowerthe hearing loss, the bettére percentage valubn Figure 1 regression curves
between the three score categories and hearing |b&mohg aidusersare shown

100

80

60

40

20

0 . -
50 60 70 80 90 100 110 120 130

Hearing loss (dB HL}
Figure 1EHL scoregSnik et al, 1997a)
For these three scores an equivalent hearing loss score could be derived. Based on the
perfamance of hearing aid users with unaided hearing hesseen 50 dB and 130 dB, an
expecedperformance value for auditory speech perception tasks was available, based on PTA
data. This correlation could also be interpreted backwards; the scoregeach the speech
based test battery could give an estiméthe level of hearing loss that enabled a child using

hearing aids to perform comparably.

This alsoallowedthe interpreation ofthe speech perception performance of Cl useegjual

the abilities of hearing aid useusiagthegame t he
standards, the performances of these two groups could be compared. Beyond this comparison,
a normative value for hearingid users was established, allowing an interpretation of
performance within a group of comparable hearing losses, instead of a typical compahison

the performance of normal hearing children.

1.4 HEARDPROJECT

The main question, forming the basis of titeARd project, was how children usis are
performing in terms of auditory perception and processing of speech today, after approximately

30 years oftechnical and medical developmgrgnd increasing numbers of cochlear

21
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implantda i ons . Kr al and O6Donoghue speak of 80,0
an article published in October 20@ral & O'Donoghue, 2010)

The question of a cochlear implantation versus an ongoing hearing aid provision depends on

the probablédibet t er 0 speech perception outcome witdt
AWMF guidelines in Germany. To estimate this outcome, a comparison between children with
hearing aids and children wi@is seemed reasonable. Since the le¥élearing impairment is

one of the most influential factors in the decision process, the degree of hearing loss was to be

taken into account in the comparison of performances.

The concept of the described EHL project offered an evaluation of performasoed| as a
comparison regarding the degrees of hearing loss. The design of the previous EHL concept was
to be reinvestigated in todayds cl iliagua,el e of
intrac.European design of data assessment was chioseadresses the problem of low
prevalence of hearing impairment within countries with lower population, therefore affecting
results of nationwide research. To accumulate an-Erapean recent evidenbased data

collective, language differences in Bpean member states and different test materials and
procedures had to be overcome by the right choice of test material in the project.

Besides the comparison of performances of children using different types of technical hearing

aid devices,the collecteddata was to be used as a recent normative value to interpret
performances within groups of children with similar hearing losses. Therafoest battery

was to be designed whickould alowan eval uati on of any <chil do

perceptiorabilities with its specific hearing aid.

Regarding future technical and medical advances, another criterion in the development of a test
battery was the potential of-testing the auditory speech perception skills of a new/ the next
generation of childme usingCls and hearing aidsFor example in Germanyhe recently
implemented netaorn hearing screenirig an influential factqrso is there-testingof the same

cohort at a diférent age.

These thoughts and questions were combined in the research topics that were officially
addressed i n t he Ahearing eval lsat poaj exft 0
(Coninx& Vermeulen, 2012)

2 Official Project name: Development of amtra-European Auditory Speech Perception standard for hearing
impaired subjects with conventional/digital hearing instruments, hybrid desicals
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This dissertation discusses the above mentioned points of research, using the data collected

within the project.

The projecd dime framestretched fromthe beginning of 2011 untihugust 2013. Data
collection for the here presented analyses started in 20 @acekded until 2014.

Project referencé252035Funded undef~P7~PEOPLEDby thefiMarie Curie-intraEur opean Fel |l ows hi p
European Commission
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2. ADVANCES in technical hearing devices

2. ADVANCES IN TECHNICAL HEARING DEVICES

2.1 Cl SYSTEMS- THEN AND NOW

First, Cl systems were usexs implamablehearing aids imleaf individuals whalid not benefit
from acoustically amplifying devicesuch as conventional hearing aids to perceive hearing
impressions. The devices were develgdetlowing the éample ofthe natural effect othe
inner ear, more specific, the hair celtansformingan acoustical signal inwlectrical impulses
to stimulate the fibers of thmuditorynerveand thereby sending a signal up the central auditory

system, creating laearing impressiofLenarz, 2008)

Cl systemsskip the describednatural hearing processes up to the inner ear and conduct
electrical impulses in theochlear to directly reach the hearing nerve fibers convergititge
modiolus of the cochledienarz, 2008Kral & O'Donoghue, 202;,0Nilson & Dorman, 2008)

As a new type of hearing adgtevice for deaf people in the late 1970s and early 1980s, the use
of thefirst Cls systemwas sehta very basic level:

AThe device provides auditory stimulation to individuals with hearing disorder
and helps inidentifying environment& sounds such as the ringing of the
phone 0O

(Tobin, 1976)

ALast mont h, t he Food and Drug Admini s
implantation of an electronidevice that simulates the cochlea's transforming
function and may enable 60,000 to 200,000 profoundly deaf adults in the United

Stated o hear sounds such as sirens and aut ol

(Benowitz, 1984)

24



2. ADVANCES in technical hearing devices

Looking at the different functions of hearing describedimhtberg(1980) a CI at that point

could enable a deaf person to regain the fAa
However Burian mentions in his report on first experiences with Cl in 1979 that he expects a
quick develoment, hopefully soon enabling speech recognition with new developments in ClI
research(Burian, 1979) The communication function of hearinget asa goal in ochlear
implantationwas reached in a few cases. Barftai examplementionsa development towards

open set speech recognition in 20% of the observed cases up (B288 et al, 1984)

From early developmental research in the 1960s and 1970&hetdirst commercial
implantations in the 1980€ls still werenot a common hearing aid device in the early 1990s,
but at the same timeot rare anymoréSouliere et a] 1994) The first pediatric patient being
implanted with a Nucleus CI system, receitkddevice in 198{Cochlear Ltd., 2016bBy
1992 5,000 people had been implanted worldwide with a NUCLELISystem by toda®
Australian companZochlea(Cochlear Ltd., 2016cPD 6 D o n orgmiarksiatin 200Q about
10,000 children had been fitted with Qsrldwide (O'Donoghue et 312000)

In the Netherlandsthe numbers of implantations are reported by the Clecgntio the
independent platfornDnafhankelijk Platform Cochleaire Implantati®PC) annually. In
2014 177 childrenand 364 adultswerereported tohavebeen implanted in the Netherlands
(Onafhankelijk PlatformCochleaire Implantatie, 2016ajhe platformrefers to an overall
number ofL,855 implantations in children angD98 implantations in adults up to and including
the year 2014Onafhankelijk Platform Cchleaire Implantatie, 2016b)

In this paperthe focusison t oday6s t wo mo sdistribptingpGhsysteanst c o
worldwide. Ths decision is based on numbers publishethiggborg Hochmair in September

2013 on the official MedEl homepagpresenting Cochlear with 26,674 sold systems and

MedEl with 14,027 systems in betwedmne 302012 and June 3@013(HochmairDesoyer,

2013) Ot her companies are AAdvanced Bioni cs,

owned by Wi lliam Demant, Denmar k; ofubiddtron,
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First multi-channeldevices:

I OCTIOE

PNV RACTRO AR ¢

. 9

Figure 2:First FDA approved NUCLEUE&ochlear
Implant Systemf 1985for commercialuse
(Cochlear Ltd., 2016a)

Devices seen within the hEARd project:

Figure 4. Nucleus 5 system of 2009 WYOCHLEAF
(Cochlear Ltd., 2016d)

Devices in 206:

Figure 6: Nucleus 6 system of 2013 by COCHLI
(Cochlear Ltd., 2016€)

Figure 3: MEDEL Cochlear Implant System of 198
( MEDTEL El ektromedi zin
m.b.H., 20186)

Figure 5: Maestro system of 2010 by MEL
( MEDT EL El ektromedi zin
m.b.H., 2016)

\.}
N ) P

Figure 7: Synchrony system of 2014 by MEIL
( MEDT EL El ektromedi zin
m.b.H., 2014)



2. ADVANCES in technical hearing devices

Looking at the firsiCl systems from the early 1980skigure2 andFigure3 and comparing
them to the frequently seen devices within the hEARd pregsm inFigure4 andFigureb, as
well as the newest systems available in@8&en inFigure6: Nucleus 6 system of 2013 by
COCHLEAR andFigure7, the technical progress obvious. The very basic function of ClI
systemshowever has not changed. The system containsvo main parts the implant itself

and the speech processahich is worn externallyoday mostly behind the eéseeFigure8).

SPEECH PROCESSOR IMPLANT

outer coil with magnet inner coil with magnet

A

implant

speech processor with
microphones

ear hook

battery case behind ear

\ 4

’,'\ = '\‘
“' -\ electrode array
7y inserted in cochlega

Figure 8: lllustration of Cl systeniCochlear Ltd., 2014b)

Starting with the speech processor, dlceustical signal is captured by the micropl{spand

then digitalized. The digital signal is transformed into electrical signals, which carry temporal
and frequencypased aspects, as wall the intensity of the initial acoustical sigf@lowing
specific coding strategie3 his signal is transferred to the implant via inductive transmission,
from the outer coil that is connected to the processor via cable to the inner coil of the implant
(Hochmair & HochmatDesoyer, 1981)The electrical signas thendecoded and transformed

into electrical pulse pattern¥hese patternisitiate the activaibn of electrical stimulation by

the implanés electrodesallowing the drect stimulation of the auditory nervigdoers and

ultimatelycreatinga hearing impressiofstark & Helbig, 2011)
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2. ADVANCES in technical hearing devices

Each electrode stimulates a dtk part in the tonotopically organized cochlear
(Banfaietal., 1984) Direct stimulation espedlly in the basal areas of the cochlear leads to

hearing impressions in the high frequency sound réglson & Dorman, 2008)

Stimulation through amplification devices in this frequency ramgshardly possible at the

time ofthefirst CI systemgLevitt, 1987)and still is a great challengeiotd ay 6 s hear i nc¢
technology(seeChapter2.2). To create highly differential hearing impressions, the assumption

seems reasonabtbat a higher number of electrodeseanbetter discrimination of sound
frequencies. Over the yearthe increase of electrodes hasached a limitation due to
overlapping stimulation within the cochlg@¥ilson & Dorman, 2008Lenarz, 2008)

THE IMPLANT: Thebasis of the device is the array of electrodesdhasurgically inserted into

the cochleards scal a t yhaplecinodearrgysithe abmfe showine a c-
models from the 1980s differ from the presented, commonly used implaRiguire 5 and

Figure7 in diameter andn the number of electrode€omparing the above shown Nucleus

implants the number oélectrodes is consistefithe diameter of the electrode array decreased

to 0.6 mmi 0.3 mm in the Cl422 implant with slim straight electr¢@echlear Ltd., 2014a)

The CI1512 implant itself isas thin as 3.9 mrfCochlear Ltd., 2009)

Depending on the condition of the cochlear to be implanted aswe§ asmgeon6s pr ef e
amongst other factors, today the actual electrode for a patient can be chosen out of a variety.
Cochlearfor example offersfour different types of electrode arrayochlear Ltd., 2013)

THE SPEECH PROCESSO®rocessor® f t sdayx@d | ed fAdigitsbamageodo a
processess did the first onedHowever the necessary equipment resunkin size At the

same timeit providesadditional optiongo procesghe initial acoustical signal, comparable to
features | i kefAfimou s es gtetdiurcgd oanmd ot her setti
hearing aid technologiwaerenberg et gl2014 Stark & Helbig, 2011)The newest generation

of speech processors enables the user to connect wireless accessories directly to the speech
processor in an often moreableand differential way than the longtablished transmission

via the telecoi(Cochlear Ltd., 2016fjith its unique set of problenfkevitt, 2007)
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The course of stimulation through the electrodes in the coch)earnsentioned aboyderived

from the initial acoustical input that is analyzed and processed by the speeebspr. The

coding of acoustical speech signals by the speech processor as well as the transformation into
electrical pulsehasimproved over the years. Todayore than one type of speech coding
strategy can be used for an implant system, wilkeciic strategies per company
(Vaerenbergetal., 2014)

OUTCOME - THEN AND NOW

Burian describes in his overview of dAclinica
his 1979 experiences of deaf patienssng Cl with onechannel electrodes. An improvement

of understanding speech throughigading was described by the patients. However, in cases

of implanted singlechannel electrodes by the Vienna research group, the implant system did

not enable the patients to understand spoken language through strict auditory stimulation
(Burian, 1979)

Improvements were achieved in the developnaeat useof multi-channel electrodes. One of
the first MedEl implant system recipients from 1979 using a rohlinnel electrode was even
able to understand words and sentences without any visual cues in 1980

(HochmairDesoyeretal., 1980)

Looking at the descriins from the first group of implanted individuals in the 1980s, using
MedElI CI systems, their hearing impressions are diverse. Tests of speech recognition showed

extremelydifferentresults(seeFigure9) which wereoften na-reproducible.
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Figure 9: Speech reception in first MEDELCI recipients in 1985( MEDT
Elektromedizinische Gerate Gesellschaft m.b.H., 2016b)

A good30 years laterpatientsvisiting Cl centes, as part of their daily routinshowhow the
development of auditgrspeech perception skills in deaf children blasngedver time.

There are kildrenwho havehad anmplantationwithin their first two years of lifewho visit
a regular primary school, perceive spoken language in classes withhaonr20 students and

showage appropriatiteracy development.

There are young children ikindergarten, who react to spoken language in acoustically
challenging situations, locate speakarsl noises from any place in a room and develop spoken

languagealmost at the same pace as their peers.

And, there are teenagers participating in sports, understanding instructions from a distance,
listening to music in their free timand talking to their friends on the phone like any other boy

or girl their age.

It is difficult orimpossible to predict the exact outcome and auditory development after cochlear
implantation ér each individual as it i s hardly ever possibl e
in generalbut auditory perceptionf speech with a Cl syam isarealisticgoalin many cases

today.
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2.2 HEARING AID SYSTEMS - THEN AND NOW

Figure 10:Oticon Digi FocusCompact from 199Bauman, 2015)

Looking at thequitesimilar hearing aidsippearing behind the earhich had been released for
commercial use within the past decasesFigurel0,Figurell, Figurel2,Figurel3), several

milestones in deslopment should be mentioned.

The basic function of a microphone perceiving an acoustical input, the hearing aid amplifying
this signal and finally the output of the amplified acoustical signal through a
loudspeaker/receiver into the ear canal has resigéd. In this very rough descriptjoime main

difference between hearing withCa and hearing with a hearing aid becomes clear:

While the implant system converts an acoustical signal into an elecneahe hearing aid
simply fAmanipul ateso an acoustical signal,

(acoustic).

ANALOG HEARING AIDS: Commercially distributeadtonventionalhearing aids from the 1980s
usedtheanalog technologgf sgnal processingln cases of anag) signalthe acoustical signal

is captured by a microphongansformed into electrical voltaggltered, and amplified via
electrical processingelectrical circuit elements only) The amplified signal is again
transformednto an acostical signal, which is delivered by a small loudspeaker into the ear

canal(Marangos & Schipper, 1999)

The fitting to specific and individual needanonly be reached in a very basicywa
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DIGITALLY PROGRAMMABL E HEARING AIDS. An important step towardslly digital hearing aids

was the deglopment of digitally programmable hearing aids that stillarssdogtechnology

but a more complex amplification system. These hearing aids contain a digital controller that
operates the amplification systeffhis controller is programmed digitallyy an external

computer softwareThis option became more important as mcittannel hearing aids became
availabl e. After the initial conversion and
bands by the use of multiple filters (number of chanisddased on number of filters and differs

in betweenhearing aids). For each filtered signal specific fitting is possible, addressing

frequency specific fitting that match an individbiddearing losgMarangos & Schipper, 1999)

Thefirst commercially available hearing aids of this typedme available by the end of the
1980s(Levitt, 1987 Marangos & Schipper, 1999Thesecontain a memory systemhich
permits the saving different settings that can be programmed by the external software.

FULLY DIGIT AL HEARING AIDS: The firstfully digital hearing aids became available in the 1990s.
Levitt mentions Widex Senso (available in 1996) and Oticon DigiFocus as the first

commercially successful fully digital hearing aids.

The opportunity of digital and processing (DSP) allowed the development of specific signal
processing strategies addressing several problems that until then could not have been removed
in a satisfying manner with analog technolo@yis includedthe cancellation of feedback
especially in cases of high amplification concerngh frequencies, the reduction of noise

and a more specific and individual fitting meeting the needs of a patieorte accurate hearing
thresholds and comftablelevels thoughout the frequenapectrum(Levitt, 2007 Prinz et al

2002 Valente et al 1998 Kerckhoff et al, 2008) The advantages we reportedy adults as

well by children(Valente & Mispagel, 2008°rinz et al, 2002)

In comparison to the analog systamdigital hearing aids the acoustical signal is captured by
the microphone (or several miphones), initially amplified and then converted into a digital
signal. The DSP takes place. Following the D8P digital signal isonverted agaiback into

an analog signal, which after final amplificationi is delivered via loudspeaker towards the
ear canalThe digital manipulation of thiaitial signal allows even more specific fittings. More
and more options dDSP strategies have been developedhe past 20 yearS§tarting with
frequency specifiamplification, norlinear frequency traposition became availabés well

as more distinct strategies of noise reduction or even options of wireless communication in
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between bilaterally worn hearing aids or in between hearing aids and additional technical
hearing device&erckhoff et al, 2008)

J
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1«5
K

Figure 11: Phonak Naida [IlUP (© Phonak AG, 2009

WITHIN THE HEARD PROJECTONe of themost frequently seedigital hearing aidsn children

was thePhonak Nalahearing aid with the sound recoyeamption. Addressing the problem of
amplification withinhigh frequenciesPhonak developed a specific sound processing strategy
calledfisoundrecover With fisoundrecover the acousical signal is analyzed and then follew

a nonlinear frequency transposition, to recreate the high frequency input in a lower frequency

as a better perceivable outg@ista et al, 2009)

W

>

Figure 12: Oticon Sens€Dticon GmbH, 2013) Figure 13: Phonak Sky (® Phonak AG, 2013

STATE OF THE ARThigh end digital hearing aids for childrarefor examplehe Phonak Skyr
Oticon Senseihearing aids. Besidethe optons of several features such as frequency
transposition (Phonakdng available noise reduction, wireless optionsconnecting further
equipmenor binauralconnections, this generation of hearing aids aims for a more distinct and
clear amplification irhigher frequencies’ he goal is set to widen the frequency range that can
be amplified in a clear way, preventing distortibheOticon SenseBTE 90 hearing aid shows

a possibleamplification of almost 50 dB SPL in the area of 9500 iHzear simulator
measurements according to IEC 601180 (1983) 60711 (1981) and DIN 45605

33



2. ADVANCES in technical hearing devices

(OticonGmbH, 2013) The crucial factor of amplification ihigh frequenciess influenced in

an improvedvay®.

Like the above mentionedisoundrecover featureof Phonak, hearing aid companibave
developed more feates that analyze the acoustical surrounding of the hearing aid user. This is
possible inthe unilateral use of a hearirgd, but offers even more complex options in the
bilateral interaction of hearing aidSound signals are classified into usefulisd or disturbing

sound. Depending on the situation, the hearing aid systems can evaluate the most efficient way
of reducing background noise while adjusting the spatial area of microphone perception. For
example at the dinnetablewith a communicatbn partner sitting across from the hearing aid
user, the hearing aid system could use a focus or zoom function through the directional
microphones. In a classroom situation with speakers from all direcaanesmnidirectional

orientation would automatidglibe chosen by the hearing aid syst@Phonak AG, 2010)

The predictability of these automated settiilsgse be debatk howeverfeatures like automated
reduction of noise is a standard sound proce
aids and is finding a way into the signal processing strateg@ssystems as we(l ME DT E L
Elektromedizinische Gerate Gesellschaft m,i26i14)

From an educational and therapeutic point of viéw,use of the mentioned sound processing
features in childremeeds to béiscussedThis in terms of gpossibleprevention from natural
learning processes within the hearing development vs. an optimized perception of bgeech
the reduction of ambient noises a crucial factasrin language development.

2.3  CI INDICATION TODAY

Today after 30 years of experience and ongoing research thergigtinternational standard
that could answer the questions of which patientamasdication for a Cl today. Thelis no
definite checklist that sums up to a yes or no decision. The final ciefzend on several
factors andndividual circumstances. Howevéinere areertaincriteriathatareknown to have

an influence on and ate beconsideredvhen trying to predict the outcome.

3 Previousmodel Oticon Safari BTE Sep Power 90@llowedpossible amplification ofipprox. 50 dB SPL in the
area of 600 Hz in ear simulator measurements according@®601180 (1983) 60711 (1981)and DIN 45605
Oticon GmbH (2016) ; Oticon GmbH (2016)
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2.3.1 DEGREE OF HEARING LOS/ HEARING IMPAIRMENT
One greapoint of reference for or against cochlear implantation is the degree of hearing loss/

impairment.

Based ora WHO report from 1991World Health Organization, 199Dbn the prevention of
deafness and hearing impairmeihie grade of hearing impairmerfollow the classification
presentedn Tablel. The classification ibased orhearing loss in the better ear, derived from
the average of the audiometric ISO values of B201 kHz, 2 kHzand 4 kHz(Mathers et a
2000)

pure tone average 0600 grade of hearing

Hz, 1 kHz, 2 kHz, 4 kHz impairment
<25 dB HL no impairmen
25140 dB HL mild impairment

41-60 dB HL moderate impairmer
61-80 dB HL severe impairmer
>80 dB HL profound impament

Tablel: Gradesof hearing impairment

A profound impairment or deafness in the better ear is a strong indication for a CI
(Kral & O'Donoghue, 2010)

2.3.2 PHYSICAL CONDITIONS AND ETIOLOGY OF HEARNG LOSS
Primarily, a pd i ent 6s gl obal p hy sableta Undeo thel sutgicab n mu

procedure

One of therequiremert allowing a successful implantation is the condition of the cochlear
itself. Malformations of the cochledior examplecancomplicatethe insertio of the electrode

array during surgery However a malformation or dysplasiaof the cochlear is no
contraindication per sand the posbperative speech perception can develop adequately
(Buchman et al 2004 Buchman et al 2004 Sennaroglu, 203QMiyamoto et al 2005) In

cases of achlearossification as well as dysfunction or even aplasia oétltitory nerveonly

poor effects could be reportpadstcochlear implantatiarDue to the probable poor outcome,

it can be a surgeonds deci sion t oforammehledarhese
implantation(Colletti et al, 2004)
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2.3.3 INFLUENTIAL FACTORS
Besides the above mentioned conditiofa or against cochlear implantatiotiereis more
anamnestic information in adults and children that can be used as predictive factors for the

outcome after implantation.

DURATION OF HEARING LOSS

As an importantinfluencing factoy the duration of hearing loss must be taken into account.
Researclshows that speech recognition in plisgual deafness develops bettiee sooner the
implantation takes place. Different results in performance after cochlear implantation after
progressive hearing losses can be explained by the duration of impaieet ppeception prior

to implantation(Peterson et 31201Q Klop et al, 2007)

LEVEL OF SPOKEN LANGWGE ACQUISITION AT THE TIME OF HEARING LOS$ DEAFNESS(PRE,

PERF, POSTLINGUAL)

It has been shown that théready achievetkvel of language acquisition has great impact on

the auditory understanding of languagg CI.

The goal of auditory understanding of spoken language after implantation has limitations after

yearsof prelingual deafneséKral, 20; Peterson et al2010)

Different outcomes can be seen in adults being deatieeadesvho completed auditory based
spoken language development and thwke never had auditory access to spoken language.
The greater th&nowledgeof spoken languagacquired through the auditory system before
implantation shown in results of preoperative speech audiomettiye better the outconsdter

implantation(Klop et al, 2007)

EARLY INTERVENTION

Since the implementation of newborn hearing screenings in many European countries
includingFlandersn 1998 (Raeve & Lichtert, 2012)cermany in 2009Brockow etal., 2014)
Netherlands in 200¢van der Ploeg, C. P. B. et,&012)i the diagnosis of a profound hearing
loss or deafness is formeddaverified within the first months of liféMatulat et al, 2014
Brockow et al 2014 Brockow et al 2014)
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If there are no recognizable developmental stages of hearing or sigutsathg speech and
language developmettiroughthe use ohearing aids, a cochlear implantation is the method
of choice to provide auditory access spoken languaggArbeitsgemeinschaft der
Wissenschaftlichen Medizinischen, 2012gveral studies show that earlyimplantdion has

a significant impacin reaching an age appropriate development of hearing skills and spoken

languageabilities Thisisincas@ef a chi |l dds regul ar gl obal de\

Maturation of the auditory pathway and its samsiperiods have been analyzed to find the
appropriate time ofiearing aid provision and interventiddharma et al2011) found in their
researcia sensitive period for opti mal centr al
c hi | d(Bhamd & Campbell, 2011yvhich is comparable to the findings(éfral, 2009)

The sooner spoken language is perceived through the auditory system, the better. The higher
the acoustic quality of the perceived signal, the béttes: The effect 6 early intervention
through early cochlear implantation can be shown for different levels of hearing development

as well as different levels of language development.

EARLY RECEPTIVE AND EXPRESSIVE LANGUAGE EVELOPMENT. (Niparko et al, 2010)found for
young children (underfive yearsof agg that the receptive and expressive development of
language (repeatedly analyzed at different times gmd posimplantation with the Reynell
Developmental Language Scalgmesented itself in a correlation to the age of cochlear
implantation, witha better development corresponding to a younger age of implantation.

RECEPTIVE AND EXPRES®/E VOCABULARY: Several studies show a correlation between the
receptive vocabulary score determined with Beabody Picture Vocabulary tefunn &
Dunn, 2007)and the age of implantation the studiesa cochlear implantation before the
second birthday Bbto abetter test resulh comparison taesults ofthe later implanted group

of children(Connor et a] 2006 Hayes et aJ 2009 PercySmith et al, 2013 Streicher, 2011)

The analysis of expressive vocabul@Bpons et al 2012)found that children who received a
Cl before their second birthday performed significantly better than childfesn older

implantation age
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PHONOLOGICAL DEVELOPMENT: Within their German studyKral et al, 2014) found that
childrenimplanted within the first year of lifshowedadevelopment closest to the phonological

development of nanal hearing children.

GRAMMAR: (Nikolopoulos et al 2004) found a correlation between better grammar

comprehensionral earlycochlear implantation.

In a studyby (Nittrouer et al, 2014)the appearancef certain morphological and syttical
featureswas examinedn speech samples abchlear implanted children. The variance in
outcomeswithin this groupcould be explainedta significant level by the age of implantation.

The difficulties in morphesyntactical development of heagirmpaired children even in cases

of mild to severe hearing impairment is emphasized in a recently presented study by Tomblin
et al as well(Tomblin et al, 2015)

READING SKILLS: Severalauthorsconductinginternational researcim the U.S.(Fagan et aj

2007) in the Netherlandévermeulen et al 2007) in Germany(Streicher, 2011and theUK
(Archbold et al, 2008 Johnson & Goswami, 201@und results in testing (comprehensive)
reading skills in groups of children usi@is. The resits showed a correspondence between
early implantation (i.e. Fagan mentioning a mean of around 2.5 years) for significantly better

performance.

This is only an excerpt of available resudhtsm research focusing on the correlation between
early intervation in terms of early cochlear implantation for the group of (congenitally)

profoundly hearing impaired children and their spoken language development.

Intervention before the second birthday in comparisofater intervention often shced

significantdifferences that to better performance of cliilen implanted at an early age.

However usingan implant isnorerisky thanusinga hearing aid and the question can be raised,
how early is earlyenough forimplantation.In determining an exact time frame for cochlear
implantation to achieve the most beneficial outcome in terms of spoken language development,
some studies show that there seems to be no significant difference within ageofobilgdsen

who had been implantdzefore the second birthdy (Boons et al 2013 Connor et b, 2006)

Others find a significant difference in language development at approxirkisteééygarten age
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in between groups of children implanted in their first year of life and children implisnritesir
second year of life. Howevghe limitation ofearlier implantation is set by the necessity of a

certain diagnosis of the level of hearing impairm@htholas & Geers, 2013)

Other factors such as the residual hearing before implantaticmolas & Geers, 200&)s well
as the sockeconomic status of the parents, educational background of the matiter
multilingual upbringing (other spoken language in the family than test languagen
language instead of spoken languagedm to have a stromgipact on the spoken language
development irearly implanted childreras well(Nicholas & Geers, 2013Boors et al, 2013)

2.3.4 INDICATION CRITERIA, COSTS AND COVERAGE B HEALTH INSURANCE | STATE OF THE
ART IN PARTICIPATING EUROPEAN COUNTRIES

BELGIUM

In 2013 Leo De Raeve and Annelies Wouters summarized the accessib(litg ito Belgium

at thetime. The cost of one cochlear implantation is covered byB#tgian National Institute

for Health and Disability Insurandgeferred to the Belgisch Staatsblad 1994(Bgeve &
Wouters, 2013)Indication criteria include hilateralhearing loss of at least 85 dB at 500 Hz,
1 kHz and 2 kHz an auditory esked brainstem response at p&ako sooner than at 90 dB
HL and alsoan insufficient benefit using hearing aidis cases of podingual deafness, the
result of a monosyllabic speech test is also taken into account with the restriction of a phoneme
score of 30% or less at 70 diferred to the Belgisch Staatsblad 200gRgeve & Wouters,
2013) Bilateral implantation ionly coveredfor childrenbelow the age of 12n cases of
auditory neuropathy or meningitis with ossificatidie insurance coverage for a second CI
extends up tahe age of 1§referred to the Belgisch Staatsblad 2010(Rgeve & Wouters,
2013) The cost for the implemented multidisciplinary rehabilitation following an implantation
in Belgium is covered blgealth insurance up to the age of A8ults havea financially covered
acces®f two yeardor multidisciplinary rehabilitation (or monodisciplinary therapy as speech

or auditory therapy).
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GERMANY

In Germanyindication criteria concerning cochlear implantation have been summarized by the
fiDeutsche Gesellschaft fur Haldasen Ohrerr Heilkunde, Kopfund HalsChi r ur gi e e.
in a guideline with multidi s ciggHaftfir&howyatripar t i c

und P2daudiologie e. V. o0, AfDeut sche Gesell sch
Neuroradiol ogi eo, as wel |l as the ABerufsvert
the ADeutsche Cochlear | mplant Gesell schaft

The updated guideline from 2012 recommends that there is in principle an indafagibfor
adults and children with a petgual acquiregrofound hearing loss aleafness. In cases of
prelingual acquiredprofound hearing loss adeafness in adultsan implantation is only
recommended in certain cases. For children with -dipgeal or perilingual acquiregrofound
hearing loss odeafnessan implantation is recommended as early as possible. The implantation
for children withresidual hearingpegins witha hearing aid fitting and a close observation of

the childés auditory devel opment with it.

The final indication is presented by the surgeon, but is formed by multidisciplinary diagnostic
results and analysis of the anamneistiormation.

If there is an indication for both ears, a bilateral implantation is poggilibeitsgemeinschaft
der WissenschaftlicmeMedizinischen, 2012)

Cases of unilateraprofound hearing impairment ateafnessare nd a contraindication
(Arbeitsgemeinschaft d&issenschaftlichen Medizinischen, 2012)

Zahnert and Schulzenention rough audiometric guidelines to evaluate a hearing loss for a
possible indication. Iin a fixed level word test (usually the Freiburger Einsilber for German
adults)only 30% (or in cerin cases less than 50%) of the speech material is identified correctly
despite optimal hearing aid provision, it can be interpreted as a sign for cochlear implantation.
No perception in a pure tone audiogram below 50 dB using optimal hearing aid pr@asio

be seen as an influencing factor as well.

In infants and toddlerobjective audiometry has to be used and interpreted. No response in
BERA measurements of 1 kHz and higher frequencies below 90 dB canrbassaestrong
indicator for Cl(Zahnert & Schulze, 2009)

The German statutory health insurance covers, beside the costs of th&€€aslsiém, costs

of the preoperative diagnostic procedures, the implantation surgery, the hospitarafaye
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postoperative rehabilitation prograrA. Cl is categorized as a medical device, specifically an
fiactive implamable medical device Hearing aids,on the other handare categorized as
medical aids that follow different restrictions in reimbursement and financing by the SHI

companies.

NETHERLANDS

Indication criteria in the Netherlands for asfiCl are comparable to thesn Germany. A
hearing loss 080 dB and higher as well assults of less than 50% correct responses in speech
audiometry are mentioned as rough guidelines for §@hafhankelijk Platform Cochleaire

Implantatie, 2016c¢)

The final decision is made lasurgeorfrom a multidisciplinary team in one of the eight ENT
clinics with a Citeam(Onafhankelijk Platform Cochleaire Implantatie, 2016c)

Health insurance in the Netherlands covers the cost of th€first cases of deafness due to
meningitis a second implant is also covered. Since 20ildteral implanation is financed in
cases of prdéingual deafness for children up to the age of {ien Eijndhoven edl., 2012) in
some cases for children uptte age ofi8. Also, exceptions in financial coverage of a second

Cl aresometimesnade in cases afeatblindness.
Battery supply is not included.

An annual checkip at the implanting clinic isientioned as necessary.

2.4 HEARING AID INDICATIO N TODAY

2.4.1 BELGIUM

Reimbursement of hearing aid devices by Belgian health insurance companies is handled in
individual ways. Howevemuidelines are formulated in the nomenclature oRhlesinstituut

voor zikte- en invaliditeitsverzekering RIZIV (Rijksinstituut voor ziekte en
invaliditeitsverzekering RIZIV, 2015b)

Bilateral hearing aid provision can be reimbuarge cases of at least 40 dB in famaverage
hearing loss over thieequencies of 1,,2and 4 kHzn each ear.

When usinga hearing aid, the result in speech audiometry testing in quiet should show a gain

of 5 dB in SRT measurements (threshold atcb0% of the speech material is identified
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correctly)or the intelligibility of speech material at a fixed level of intenkdyg to be improwe
by 5%.

In a test for auditory localizatiobinaural hearing aid use should show an improved result of
at least10% or 109(depending on the test)

A new hearing aid prescription can be given after three years for children and five years for
adults.

Several exceptions are listed within the nomenclature addressing cases of hearing losses of less
than 40 dB, as Wieas new hearing aid provisi@ooneithan the above mentioned time frames.
Consideratiorof results for tests of speech perception in noise are mentioned amongst other

exception guidelinegRijksinstituut voor ziekteen invaliditeitsverzekering RIZIV, 2015b)

The choice of an adequate hearing aid is based on the evalwdtianstandardized
guestionnaire, th€lient Oriented Scale of ImprovemgCOSI)i vragenlijst(Rijksinstituut
voor ziekte en invaliditeitsverzekering RIZIV, 2015aamongst other anamnestic and

diagnostic data.

A strict protocolfor the process of hearing aid provision is to be followed, describing the
functional responsibilitieef ENT doctorsandhearing aid acousticians/ dispensers.

Reimbursement values diffdepending on unilateral or bilateral provisspbut alsadepending

on the patientdés age:

f 1136,110 r ei mbur sement for wunil ater al provi si
1 2250,370 r ei mbur sement for bilateral provisi
7 666,000 rei mbur sement for wunilateral provisi
1 1318,270 r e i nebtdor kslagenal provision in adults over the age of 18

An ear mold is included as well as regular maintenance of the hearing aid and a two year
warranty. Battery supply isot covered(Prijzenobservatorium Instituut voor de Nationale
Rekeningen, 2014)
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2.4.2 GERMANY

In Germanythecriteria that have to be met for the prescription of a hearing aid are summarized
in theGerman guidelines on aiding devices. Reimbursementeb$iH companies is handled

in diverse wayg. However the Gemeinsamer nhdesausschuss formulated a new resolaion

the matter in 2012, last adapted in 2QG@meinsamer Bundesausschuss, 2015)

Bilateral hearing aid provision should be reimbursed in cases of a hearing loss of at least 30 dB
in the better ear for at least one frequeindetween 500 Hz and 4 kHn &ddition theunaided

result of speech audiometry testimgquietshould not béiigher than 80% at a fixed level of
intensity of 65 dB.

Using a hearing aid, the result in speech audiometry testing in quiet should imgréoe b
percent points. Binaural hearing aid use should show an improved result of at leasighaB
to noise ratipfor speech audiometry testing in noise.

Unilateral hearing aid provisiom cases of unilateral hearing losst®uld be reimbursed in
ca®s of a hearing loss of at least 30 dB ingbererear for at least one frequency in between
500 Hz and 4 kHz. In additipthe unaided result of speech audiometry testing in quiet should
not be higher than 80% at a fixed level of intensity of 65 dB.

Using a hearing aid, the result in speech audiometry testing in quiet should improve by 20
percent pointsmasking needs to be used in the contralateralBiaauraltesting with the
hearingaid should show an improved result of at l€asIB, signal to nése ratiq for speech

audiometry testing in noiseith a special test set up.
A new hearing aid prescriptia@an be given after five years for children and six years for adults.

For children age specificdest materiahould be usetbr speech audiometryf participation

in the audiometric procedure (pure tone and speech audiometry) is not possible due to age or
development, an objective procedure should be chosen. In specificlosm@sg aids can be
reimbursed for children with hearing losses belowaheve mentioned thresholds, if speech

perception in noise iseverellimited.

The process of adequate hearing aid devices in children as well as regular monitoring of their

auditory development is to be accompanied by a pediatric audiological institution
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The association of German SHI formulated new contribution values for reimbursement of

hearing aids in adults

1 Intreating profound hearing impairment 786)j86f or t he f i rst hearin
6 2 9, farahe second one, in cases lwhaural treatmen{GKYV-Spitzenverband,
2012)

1 Intreating hearing impairment below the profound de@B%5%1 f or t he f i r st
ai d, an additional 586, 87 u ftreatmert(®K&/- secon
Spitzenverband, 2013)

Battery supply is not covered by the SRartial eimbursement of ear moldings is covered
separately. Based on #eeguidelines health insurance compias have individual contracts
with hearing aidlistributing fadities. Therefoe, the reimbursement of hearing aids for adults
and a hearing ai dsaspendingarthe heathsnsurance commasy ard thd

hearing aid dispenser.

Reimbursement for children is usuallp0% including batterysupply and ear moldings

(Beauftragte der Bundesregierung fur die Belange behinderter Menschen, 2016)

2.4.3 NETHERLANDS
Similar to the German systerguidelines for hearing aid provision have been formulated
the Natonal Health Care Institute of the Netherlafdasrginstituut Nederland, 2016)

A hearing loss of 35 dBidicates hearing aid assessm@iiout25% of the cost is to be covered
by the hearing aid usexhichincludes the cost of ear molding$owever the exacamountof

reimbursement idepen@nton the individuahealth insurancpolicy contract

Before the initial step of determining the hearing ldsg audiometric measurementa
guestionnairen t he pati ent 6 dstonbe #ledout Based ondhe autconen g e s
the best fitout of five existingcategories of hearing aids is determined (category @aple
technology up t@ategory fivel complextechnology. The use of the classification systéias

been reviewed by theniversity of Amsterdam(Brons & Dreschler, 2014andthe National

Health Care Institute of the Netherlands (20I5¢ cost of a hearing aid from the determined

category will be reimbursegccording tdhe abovenentioned criteria.
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2. ADVANCES in technical hearing devices

The choice of an adequate hearing aid provision in children as welldarregpnitoring of

auditory development is to be accompanied by an audiological center.

Starting January 2016gearing aid provision for children up to the age of 18 is covered by health
insurance withouthe patient having to pay part of it
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3. SPEECH AUDIOMETRY FOR INTRA-EUROPEAN USE

Perceiving speech through the auditory system is the basis of spoken language acdsition.
impaired hearing abilitynfluencesauditory speech perceptiowith speech audiometrit is
possible to see how well speech is perceived despite the impaifarestample with the use

of certainhearingaid devices.

The use of speech audiometry compared to pure tone audiometry gives information on the
audtory perception skills in moremeaningful context. The ability of understanding speech is
oftenthe most important goal in the process of providing a hearing aid device. In the context of
evaluating the effectiveness of a hearing aid dedpeech appes as a reliable variable of
measuremer(Gemeinsamer Bundesausschuss, 2015)

To compare auditory speech perception performances in children on aBundgzean level,
comparison on amteringual level must be possibl@he results of speech perception tests
used in the partipating countries are not necessarily comparabglingual level. Alspthe

way in which thetestis implemeneddiffers not only from country to country, but often from

one institution to another. Some tests are carried out as open set tessyUs®o picture
templates, some use different sets of age based and therefore often limited vocabulary, not to
mention different extent of material or even level of language complexitih as sentence or

word material.

In this chaptercommonly used testfrom the field of pediatric speech audiometry in Dutch/
Flemish (participation of institutions in the Netherlands and the region Flanders in Belgium)
and German languadeve beersummarized and evaluated as to their use imirdingual

context, mainly ther comparability.
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3.1 SPEECH MATERIAL

To choose thérightd speech material for speech audiometingre should be clarity owhat

should be tested

If speech audiometry is used to analyze the performangedairstanding speech in daily life,
a natural test situation seems reasonable. Sentences can be seen as a natural speech stimulus in
comparison to single phonemdas. daily life, sentences and not phonemes or single words

constitute speech

If speech audiometry is used to show how well certain phonemes of a language are perceived
using a specific hearing aid, a sentence test is not very diffSmae the intelligibility of a
sentence is influenced by many top down processes, such as language development and
cognitive skills, it cannot be determined with certainty if the intelligibility is based on the top

down processes or the auditory perception efitiput, the bottorup piocess

The task of correct identification of worddéthe x i st i ng si mi Falor Baido,r d s st
fiHallo, Al ) i s mor e s ens skilsonaphdnemetevele percepti on

SPEECH MATERIAL IN TE STING CHILDREN

The decisionto choose thdrightd material for speech audiometry in childrés not only
strongly depenenton a ¢ hi | ddéveloprhentig alsoscognitive development,

especiallyrelated toage

Speech material ithe available and later on describebts differs fronmthe use ophonemes

monosyllablesdigits, spondeesr phrasesip to the use obentences

The more complex the speech element, the highiétbe the redundancyThe smaller the

element, the lowewill be the redundancyA sentencgfor exampleoffers a higher redundancy
to a language than juatmonosyllabic wordThe intelligibility of different speech elements is
connected taa ¢ h i lindguissc knowledge. This includes the language developmerd on

phonological, semanticakéxical as well as morphologicayntacticalevel.
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The influenceon speech materiabf different levels of complexityis described in the

following®.

Single phonemes being the smallest meangful element ofa language have the lowest
redundancyThe task of identifying a single phoneme can only be supporteddpydown
procesf knowing and expecting phonemes that are available in a landt@gexamplethe

phoneme // ikardly repesentedn German

The repetition of phonemes can be conditioned even in young children, for exasmge
soundsof animals oobjectsthat are of interest tachild andrepresenspecific phonemes (/s/

matching a snake)

At the level ofsyllables, mophological rules that are characteristit a language apply,
allowing only specific phonological sequences in a morpheme. Two ploBvexample do
not follow oneafterthe other in a German morphemgertain phonemesuch as voiceless and
voiced plosives can be differentiated easier when presented in a consmnahtombination.

Therefoe, auditory presentation of phonemes in a syllabic patsgpreferred sometimes.

The redundancy increases wheords are used. Even if a word costs of only one syllable
it has asemanticaimeaning.Using he existing word /taland thepseudo word /pal/ as an
example, the actual word has a higimeelligibility due to its semantical meanirgpo, even if
the first phoneme is not perceived corigdhe word can still be identified correctly

The length of a wordan increasés intelligibility, due to the decreasimymber of existing

wordsof a certain length

When testing childrepi c ki ng up t lralo Bald nHallde All@gif fsp@ech
audi ometry withHaMorads ,i nt ieecwornd ofi Arokaver ber
childés vocabdeagwprbehor @hk melowdavarigknovh t he

even by very young childrénin the set of the above mentioned wrthe intelligibility can

4 Examples will refer to German language.

The wBallod ifs of ha Gdrman questionnaire ELFRAGrimm & Doil (2006) that screens for
irregularities in the early spoken | anguage devel opme
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hardly be seen as equdlhis example illustrates a great difficulity choosing appropriate

speech material for childredue to thealifferentdevelopment ofocabulary in each child.

Digits, as one specific grquof words offer a very high intelligibility due to the limitatioof
possibilities(only 10digitsin the metric systemAn auditory identification task of digits can
be performed by children even with limitations in the spoken language develgp¥ikson et
al., 2008)

To avoidinfluencingach | déds semanti c/ | exi cadanbd esede | o p me
However the task of repeatingonsensevords can be seen as a strange task to some children,
especially young children. In using nonsense words in speech audiothetngfusal of

repetition can be seen as a risk, as welkresrepetition of an existing word matching the

presented nonsense word instead of the nonsense word itself (/bal/ instead of /pal/).

Whensentencesre used as a natural test matetiad task can be as complax the repetition
of the whole sentence or be seadower levelasking forthe repetition of just one woid the
sentence. If a task requires the repetition of all wards sentence, it is not only testing the
auditory perception skillshut also auditory memory. Some tests pheasesof only a few

words to keep the influence of auditory memory minimal

The semantical context within a sentence can be used asdawopprocess to fill a lack of

auditory perception. The meaning of the dor i cfar rex@ample excludes certain verbs
following it such as Al oveso (which can be |
Arainso (the verb Araino has no valence 1inc
semantic/ lexical knowledgghould be kept to a minimum in the sentence materialcios on

the testing of auditory skKills.

For phrases or sentencas test materiamorphological and syntacticalformationincrease
the intelligibility as well Knowledge of the syntacticglatterrs of a language provides
information on the analysis of a sentence (example of the English strict sudajlecbject
pattern). For example, tlterrespondence between a subject and a gigds informatioron
the morphological structure of the verb. Thidormation can be obtained without fully

perceiving all auditory informatioaboutthe verl especially the final phonemd3resenting
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several phrases or sentences in the same syntactical pattern increases the intelligibility even

more.

3.2 SPEECH RECOGNITION THRESHOLD

The AmericarSpeech_anguageHearing Association (ASHA) defined a comparable value of
measurement with the term SRTspeech recognition threshold (former speech reception
threshold) as the fAmini mum h ersontoreggnize50% I for
of the presented speech test material. The recognition task is defined as a task of choosing one
stimulus out of A @mecidaro $peedhangLageHearing Assoaiation,e s 0
1988)

As a critical point in the evaluation of frequently useskstin speech audiometry, it can be seen
thatthetaskn a test itself often differs from actu
vocabulary can influence thesults ofspeech audiometric testSor example, ifonly an
auditorystimulus is presenteahd no reference frame is given, as in closed set tests that give
manyoptions to focus on. Theremrthe SRT value in some testslicatesthe threshold at

whicha person fAunderstandso 50% of the epresent
50% of the material. In childrethis factor is even more crucial due to language development,
especially when looking at the complexity of the speech materi&. adect of language
development, mainly the vocabulary addressed in theresentedests in different ways and

will be mentioned in the description of each test.

CLOSED SET TESTS VERSJS OPEN SET TESTS

I n the context of Arreciomgm@t it@emans veéircd ws e @ u s
flopens et 0 t est s a (Bmndy, @0dihgreghard, 1893)Ehd recognition task in

a closed set testin be solved edgisince there is a limitation of possible responasswell as

a certain chance levdiun d e r s t a spéeechnsgnmulus with no additional information on

the possible inpuh an open set tes more difficult In cases of limited language development

or a low hearing statya closed set test might be more sensifilas isbecase an open set

would result ina bottom effecgtthe task is too difficult, all responses amearrect, despite a

possible improvement or decrease in the hearing sthtusases of normal language

development andgood hearing statyan open set test might be more sensiflves isbecause
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a closed set test would resultarceiling effect; the task is weasy, all items are identified

correctly, despite a possible improvement or decrease in the hearing status

RESPONSE MODE

One shouldalsobe aware of the fact thatdifference in the task leads to a difference in the
responsenode as well. A example of alosedset recognition taskould bethe use o picture
templatethatrequires only a pointingesponsdrom achild. Inthis type of settingno verbal
response is necesgaexcludingresponses marked @sw r ohy the test leadedue to a verbal
response that mi ght seem incorrect because
acquisition (expressive phonological development), but not becausei 0§ / hearmg@ s

abilities.

3.3 SPEECH TESTS IN NOISE

Adults having a hearing impairment often express difficultié®aring ina noisy environment.
Thi s fcouldalss leedther spdersin a group.

To understand speech in ngisemplex activities of auditory speech perception and processing
are necessary. On the other hanhi$ equally important to perceive evidresmalle$ segments

of a speech stimulus in noise. Not perceiving a certain group of phongmhsas fricatives

for examplecan exclude key information thiagtnecessary for intelligibility and understanding
(Kompis, 2004)

Looking at the surroundirsgn daily life, mosly there isa finoisyo environment of some kind
especial |y .inspeech audiométrgnény tedtsifocus on the perception abilities
of speech in quielThe results of a test in quiet are a very important factor in the evaluation of
a hearing aid devicélealth insurancein Germanyfor example usea comparison o& word

test at a fixed level of intensigsan ndication criteron for or against spetic hearing aid
(Gemeinsame Bundesausschuss, 2013jowever the performance in quiet does not
necessarily mean that the performance in a noisy environment is egoatlyResults of a

speech audiometry test in noise give more information on the performance in daily life.

For children who acquired a hearing impairmentneperilingualy, the aspect of perceiving

speech in noise becomes even more crufale to the still ongoingspokenlanguage
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developmentthe quality of thenputshould be optimal. Inoise this is not gen. Therefog, a
hearing device should always be evaluatedits actual aidin a noisy environment In
Germany Ogslidelines on aiding devicd&emeinsamer Bundesausschuss, 20thg aspect
has recently been included as a criterion for the reimbursement of one laghnmgomparison
to another onevhich might offer the same support in a speech test situation in Qutdess

support in noise

Furthermorespeech tests in noise can give information on auditory processing disévtiées
the perception and procesgiof speech in quiet is mostly successful, the disorder can lead to a

weak performance in a speech test in nflisdnhardt, 2001)

For speech audiometry tests in notbe SNR gives a value on the span between the necessary
intensity of the speech sigriafor the recognition of 50% of the offered speedcitenali and

the noise signal

3.4 AVAILABLE TESTS IN BELGIUM , GERMANY , AND THE NETHERLANDS

3.4.1 TESTSFORSPEECH AUDIOMETRYIN BELGIUM

Representing the audiological association of the Netherlands (Nederlandsegiey voor
Audiologie) Snik, Neijenhuis, Cruband Lamoré summarized available and commonly used
tests for speech audiometry in childiarDutch and Flemish. Their selectignnot limited to
tests of the following two listgSnik et al, 2016)

ASSET Auditory Speech Sounds Evaluati(@ovaerts et al 2006)
De Brugse lijsterfBosman et al 1995 Wouters et a] 1994 Hammer et aJ 2013)
BLU lijsteni Brugge Leuven Utrecht lijstgiBosman et al 1995 Wouters et aj 1994
Hammer et a) 2013)
LINT 17 Leuven Intelligibility Number Testvan Wieringen & Wouters, 2008)
LIST 1 Leuven Intelligibility Sentence Tegtan Wieringen & Wouters, 2008)
OVI aamsaeamen voor s pr aa kGottingerliste{Waurersetd Tr ans
1994)
T 6VI aamse opnamen v dIGAlists§Wouterseekah1l99d) omet r i e 0
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3.4.2 TESTS FOR SPEECH AURIMETRY IN THE NETHERLANDS

T AASTidadapti ve audConioxr2905Comiexe20dba)t e st 6

1 NVA lijsteni selectedists for children from thevord lists constructed by Bosman
1989 for theNederlandse Vereniging voor AudiologiBosman et al 1995)
PAST De Peuter Adaptieve Spraakdrempelbepaiasg(\WeersinkBraks et a| 1997)
pDIN T pediatricdigits-in-noise tes{Smits et al 2013 Kaandorpet al, 2015)

Plompzinneni specific version for childre(Plomp & Mimpen, 1979)

= =2 =2 =

SAP(R)T spraakaudiometr met plaatjes test (revisezhnstructed by Crul 199&nik
et al, 2016)

1 Versfeldzinneni specific version for childre(Versfeld & Dreschler, 2002)

3.4.3 TESTSFORSPEECH AUDIOMETRYIN GERMANY

Currently German speech perception tests for the useedcspaudiometry in children and
adults are being reevadted by a committee of the D{Kinkel, 2015) The following presented

tests fo pediatric use are available for purchase and used in a clinical routine and have been

part ofscientific discourséKollmeier, 2009)

AAST 1 AdaptiveAuditory SpeechTest(Coninx, 200% Coninx, 2006a)
Freiburger Einsilbr (Hahlbrock, 1970)

Gottinger Kindersprachverstandnisté@sabriel, 1976)

Mainzer Kindersprachte¢Biesalski et a] 1974)

OLKI 1 Oldenburger KinderreimtegtVagener et al 2006)

OLKISA 1 Oldenburger Kindersatzte@Vagener & Kollmeier, 2005)

= =2 =4 A4 A -2

The above mentioned tests for the use of speech audiometry, some especially developed for

children, follow different concepts that atescribed in thehapter.

3.5 TESTSATAFIXED LEVEL OF INT ENSITY

Tests in the field of speech audiometry are often carried out by presenting a list of stimuli at a

fixed level of intensity and measure the intelligibility of the stimuli in percent correct.
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In clinical practicetests at fixedevels of intensity are often carried out, not only to derive the

SRT, but to monitor the development of speech recognition/ understanding with hearing aid
devices at certain levels of intensity, e.g.Gt60 dB, representingl the f
of spoken language. Ofteanother value at a higher intensity level is derived, to see if a device

all ows better Aunderstandingo with cilymr easin

hearing aid fittings

The SRT can be derived from testfeed levels as wellf a test does not result in a 58%&lue,
theSRT of 50% can be calculatading the Spearmakéarber MethodMiller & Ulrich, 2001)
from two results at different levels of intensitihe test result at a fixed level of intensity where
less than 50% of the speech material has been referred to coarettilye result at a level of

intensity where more than 50% of the material has been referred to correctly.

The speech audiometry tests can be analyzed as to the score of correctly identified phonemes
in one list orthe score of correctly idefied words in one list. In Germanysually the word

score is derived from a test, in the Netherlands and Belgium it is often the phoneme score. In
Belgium a phoneme scoref 70 dB is one of the indication criteria for or against the

reimbursementfaa cochlear implantatiofRaeve & Wouters, 20123)

Available tests matching the profile mentioned above will be described in the following.

T h éuditory Speech Sounds Esluationd(ASSE)is a battery of preverbal tests.

The ASSE battery includes a discrimination task for pairs of speech sounds. A
background sound is presented and then replaced by a different sound, the stimulus
sound. After conditioning the child to the kgocound sound, a reacti@observed

when the actual stimulus sound is presented. A verbal responsé necessary.

After trial runs, the discrimination task should be carried out for a minimum of
seven suggested pairsgpeech sounds. For certain sets of speech spilneds is

normative data available for children as young as 10 months.

The ASSE battery includes an identificatiohspeech sounds. A speech sound
stimulus has to be identified on a template withregponding pictures of objects
or actions representing the sounds (e.g. picture of a snake for the sound /s/) or on a

template with corresponding pictures that show the matching visergam, /A&
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verbal responsés not necessary. For certaiets of speech soundthere is

normative data available for children as young as(®@mvaerts et al 2006)

T h eBrugse lijstend contairs 20 test lists Each list had7 monosyllabic words

The test has no agdepenént subtests ands designed for adultsNo picture
templates are useé.test list is presented a fixed level of intensityThe response
mode & the verbal repetition of each word. The Brugse lijsten are usually used in
quiet(Bosman et al 1995 Wouters et aJ 1994 Hammer et a) 2013)

T h é@8LWUillijsten 0 contairs 15 test listsEach list had0 by-syllabic words per list,
more specifically spondegords. The test has no agepenént subtests ands
designed for adult®No picture templates are usédtest list is presented a fixed

level of intensity The response mode is the verbal repetition of each spondee. The
BLU lijsten can be used in quiahdalso in nése (Bosman et al 1995 Wouters et

al., 1994 Hammer et a) 2013)

T h espra@kaudiometrie met plaatjestesto contains 10 test list€ach test list

has 10 monosyllabic word$érom a total of 20 monosyllabic words.

The SAPtest is suggested to be used for childrethe age group dhree and a

half to seven years for testing in quiet; from six years onwards for testing in noise.

Each word stimulus is offered while presenting a corresponding picture set of four

drawn items, representing the offered word and three more words that contain the

samevowels as the target word.

A test list is presenteat a fixed level of intensityThe response mode is pointing
at the matching picture after each stimulus, no verbal respemgeessary. The
SAP can be carried out in quietdaim noise(Snik et al, 2016)

T h eseleiited NVA list® contain 15 tst lists Each test list has2 monosyllabic

words per list, from a total of 66 monosyllabic words.

The NVAlists aresuggested to be used for childsex years and above
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The material is presented by a male speakédest list is presentedt a fixed level
of intensity The response mode is the verbal repetition of each Wgpikcally, the

NVA lists are not carried out in noigBosman et al 1995)

The NVA lists have been developed in the Netherlands, but also a versicateec
by a Flemish speaker is available, due to different ways of pronouncing certain

phonemes in the Netherlands and Flanfldesnmer et aJ 2013)

T h e Maiiizer Kindersprachtestd contains five test lists including five
monosyllabic and five bgyllabic words per list. The test is divided into three age

depenéntsubtests.

The Mainzer | is suggested to be used for childrewveenthe ages othreeand
four. It includes 10 words. A matching picture template can be us#dtifauditory

presentation is too difficult.

The Mainzer Il is suggested to be used for childretweenthe ageof four and
six. It includes a total of 25 words. It can be used with picture templates, including
the set from the Mairer | andtwo more with eight pictures each.

The Mainzer Il is suggested to be used for childretweenthe ageof six and

eight It includes a total of 50 words. No picture templates are used.

The material is presented by a femapeaker. The response mode is the verbal
repetition of each word or depending on the subtest, pointing to a picture. Typically

the Mainzer is not carried out in noid&iesalski et al 1974)

T h é&dttinger Kin dersprachverstandnistesb c ont ai n.€achtestliste s t
has10 monosyllabic wordsThe test is divided into two age depentsubtests.

The Goéttinger | is suggested to be used for chilthetweenthe ageof threeard

four. It includes 20 words. The use of picture templates is possibtectfauditory
presentation is too difficult. The target word is represented as one picture out of a
set of four pictures (representing words with the same vowel aartjet word).

The Gottinger 1l is suggested to be used for childretweerthe age®f five and

six. It includes a total of 100 words. No picture templates are used.
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The material is presented by a male speakéeest list is presentedt a fixed level

of intensity The response mode is the verbal repetition of each word or dagend
on the subtest, pointing to a picture. Typicathe Gottinger is not carried out in
noise(Gabriel, 1976)

T h @©ldénburger Kinderreimtesto ¢ o i@ test listsEach test list hak2 by
syllabic words Normative data is available for children in primary schooltter
first, second, thirdand fourth grade.

Each word stimulus is offereghile presenting a corresponding picture set of three
drawn items, representing the offered word and two more words that differ from

the target word in only one phoneifWagener et al 2006)

In the presentation of all words, the emphasis is on the first syllable. The material
is presented by a male speak®test list is presentedt a fixed level of intensity

The response modeequirespointing at the matching picture, no verbal respasise
necessary. The OIKi was developed dge in quigetbut can also be used in noise
(Steffens, 2007)

T h dreiburger Sprachverstandnistesti Einsilbero contains 20 test list&€ach
list has20 monosyllabic wordsThe test has no agepenéntsubtests and has been
designed for adultdNo picture templates are usdthe material is preserdedyy a
male speakeA test list is presenteal a fixed level of intensityThe response mode
is the verbal repetition of each word. Typicatlye Freiburger is not carried out in
noise(Hahlbrock, 190; Hahlbrock, 1953)

For tests at a fixed level of intensitihere isone influencing factor, especially when testing

children For each valueat a certain level of intensit§0 to 20 words are to be identified. To

keep aconstant level of motivation and concentration can be challenging when several fixed

level values are to be derived. Alsloe task can be frustrating for a child if the chosen intensity

l evel doesndét enabl e the c¢hiAllGd stoe orualditemst an d

list is to be interpreted as nine incorrect responses of which the child is probably aware of.
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Therefog,i t i s i mportant to choose the right spe:

level of spoken language development.

Tests like the Mainzer | address the very early vocabulary of children and are important tools
to measure auditory speech perception skills at an early stage of spoken language development.

However selecting a speech audiometry test basedaaguagedevelopment, especially
vocabulary, leads to the problem of comparabdityests with different levels of complexity.
In anevaluation of the hearing staj@ded bya hearing devicggheimmediatetestresult has
to be comparetb the previous test. Different levels of complex#ych as closed set test vs.
open set test (e.g. Gottingeand Gottingeitl) need to be factored im orderto interpretthe

test results.

3.6 ADAPTIVE SPEECH TESTS

Modern tests in the field of speech audiometry for children also include adaptive test profiles,

to derive the SRT in quiet or the SNR for speech tests in noise.

The tests presented in the following adapt thensitg level of the offered speech stimuli
according to the answer. A correct response usually results in the following stimulus being
presented at a lower level. A false response results in the presentation of the following stimulus
at a higher level. By daptively measuring the SRT, the test duration can be shortened
significantly, meeting the needs of children as test subgatsjderinga lower attention span

in a test situation. The adaptive procedure also addresses the aspect of thesawaréaise

responses as mentioned above.

T h a.euven intelligibility numbers testo (LINT) was not specifically developed
for children, but for hearing impaired individualgith limitations in spoken
language skills. It consists of 48tk Each list has0 numbergnumbes from 1-
100).

The test material is presented by two female speakers as well as two malesspeaker
(10 lists per speaker)Yhe response modéemandsrepetition of the presented
numbersTypically theLINT can be carried out in quiet and in noise. Adaptively

the tesgoes oruntil 50% of the numbers are identified correctly, thereby measuring
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the SNR of 50%, testing in quiet is carried out at a fixed level of intensity
(vanWieringen & Wouters, 2008)

T h deufenintelligibility sentence tesb  wads@not specifically developed for
children but for hearing impaired individualsho haddifficulties with speech
presented at a faster pacsage ottomplex languageand limitations in auddry

memory. ltconsists of 35 listsEach list had0 sentencesf varyinglength.

The test material ipresented by female speakerThe response mod#emands
repetition of the presentegntenceTheLl ST can bepresented iguiet or innoise
Adaptively, the testgoes onuntil 50% of the sentences are identified correctly,
thereby measuringp to anSNR of 50% Testingcan also bearried out at a fixed
level of intensity.

The dcevelopnent ofa test set stable for childrenis planned. This set will be
selected fronthe existingLIST sentence$van Wieringen & Wouters, 2008)

T h e Reuter Adaptieve Spraakdrempelbepalingesto (PAS) contains eight
test lists Each list include40 monosyllabic wordgom a total of 26 monosyllabic

words.

The PAStest is suggested to be used for childzsold as two Each word stimulus
is offered while presding corresponding figures/ toys. The target word itself is

presented in a carrierphrasesuch as At ake the HORSEO.

The response modmtails identifyingthe matching figureno verbal responsis
necessary. The PAS is usually carried outurey Adaptively the testcontinues
until 71% of the words are identified correctly, thereby measwansRT of 71%
(WeersinkBraks et al 1997)

T h digit8-in-noisetest for pediatric us® (pDIN) follows the same concept as
the digitsin-noisetest for adults (Smits et.aR013)and the basic principle of the
digit-triplet-test carried out as a screening for adults on the phone (Smits et al
2004).
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ThepDIN test is suggested to be used for childrem theageof three and a half
Single digits from one through nine gneesented tthe child.

The material is presented by a male speaker. The digits are to be repeated verbally
or the response can be carried out by pointing at a template of the numbers/digits.
Typically thepDIN is carried out in noise. Adaptivelthe testcontinuesuntil 80%

of the digits are identified correctly, thereby measuring the 8¥hits et al 2013
Kaandorp et al 2015)

T h ePlofip zinnend  t which was not specificalldeveloped for children
consists of 10 listsEach listincludes13 sentencesf varyinglength (four through

seven words).

It is suggested to be used for childighyearsand aboveThe syntactical structure

differs within the sentences.

The response mode is repetition of the presented sentd@meePlomp sentences
are presented in noise. Adaptivdlye testontinueauntil 50% of the sentences are
identified correctly, therebgeachirg the SNR of 50%(Plomp & Mimpen, 199).

T h eVersfeld zinnerdo  t wehih was not specifically developed for children

consists of 38 listsEach listincludes13 sentencesf varyinglength.

It is suggested to be used for childfghyearsandabove The syntactical structure

differs within the sentences.

The test material ipresented by a female speaker, as well amle speaker.hHE
response mode is repetition of the presented sentences. The Versettas are
presented in noise. Adaptivelthe testcontinuesuntil 50% of the sentences are
identified correctly, thereby measuriragn SNR of 50%(Versfeld & Dreschler,
2002)

The testimayalsobe modified andusedto evaluatechildren of six to seven years
The child is not to repeat the whole sentenaeatkeyword from the senten@nik
et al, 2016)
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T h éldénburger Kindersatztest (OIKiSa) contains 10 test lists including 14
phrases that are derived from a total of 21 possible words, always presented in the
same threelement patternnumberi adjectivei object. The phrases have no

semantic context.

The Ol Ki Sa follows the same concept as tl
(Wagener et al 1999¢ Wagener et 311999a Wagener et gl 1999b)

Normative data is available for children between faodnine years and for first,
second, thirdand fourth grade of primary school.

The test can be carried out with the presentation of a template showing all possible
words(seven words per position in the phrase). The material is presented by a male
speakerThe response mode is repetition of the presented phrase or pointing at the
matching words to avoid the necessity of a verbal response. Typtball@IKiSa

can be carried out in quiet and in noi8elaptively, the test iontinueauntil 50%

of the phrases are identified correctly, thereby measamgRT or the SNR of

50% (Wagener & Kollmeier, 2005)

As mentioned before, the difference between a recognition task in a closed set test setting and
the understanding of stimuli in an open set test setting is to be factavbdannterpreting the

results ofdifferent tests.

3.7 CHOOSING AAST

T h eadaftive auditory speech tesi (AAST)i (Coninx, 2005 Coninx, 2006afollows the

exampl e ofl Itdki di mobhapstyi ve speech t e@ackie ( MAST
& DermodyP, 1986) As a computebased speech audiometry test for children as young as
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three to fouryears the AAST can be used as

diagnostic tool to adaptively determine the SR’ B4 bells
It can also be carried out in noise to adaptive @
detemine theSNR. . > Q-,",«:[?
Each word has to be identified out of six

: : - a i
representing pictures as shown irFigure 14 1 %o N\—

presented on a computer screen, touch screel
on a printed out card. The test duration is she
and takesinaveragef about two minutes for onerigure 14: Test screen of basiceBman version ¢

AAST 005
ear

After the presentation of the auditory stimulus startingg@atdB, the child has to identify the
matching picture. The response is carried out by clicking or pointing on the screen or picture
card. A stimulus identified correctly is followed by a stimulusogier intensity(by one step

5 dB), automatically decreased by the software. After an incorrect identifictti®mtensity

is increasedby two steps10 dB. The presentation of the words is randdifithin one test

run not every single presented gtions is evaluated. Only the critical turning points from a
correct to a false response are factored in, to calculate the actual test score. Three reversal points
from correct to incorrect response are derived and used by the software to calculatehtbie thres

of 50% speech recognition. After the third incorrect answer, the test is finished. To avoid the
evaluation of responses that have been falsely given due to learning effects, the four initial

responses are not factored in and the intensity continé&sd for these four initial stimuli.

Due to its adaptive strategy and the response pibdeest shows high motivational factors

meeting the eeds of evetheyoungest childreConinx, 2006a)

The AAST has been adapted from German to D(ch) and Polisi{Coninx et al, 2007)
amongst other languages. For each langutige same criteria have been followed in the

selection ospeech material withreferenceayiven tospondeewvords if existentin a language
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CRITERIA MET IN THE DEVELOPME NT OF THE AAST IN DIFFERENT LANGUAG ES

A crucial step in the development &AST versiors for different languageis the choice of
words.Using the AAST as a standardized test material, compaatdhenteringual level, the

word selection criteria must be met for each language.

Regarding requirements to be fulfilled by speech material in autliecnests mentioned by

Hudgins (1947)the following aspects should be evaluated for a speech test:

Knowledge of the speechaterial
Representing aalge variety of phonemagithin the material as well as representing
language specififrequency of occurrence phonemes

1 Homogeneous test material in terms of intelligibility

These aspects will be addres$aidthe AAST in the dllowing.

SPEECH MATERIALT SPONDEES

The expr es swioa alsofeferg mon diesgvomr dadi @r si mply Asponc
group is implemented in the history of speech audiometry. In the 18B}4A presented

guidelines to determine the threshold of speech reception, referring to spondseas
suitablespeech material to determine the speech reception thr§498i8))

Spondees offer a high intelligibility and referencentiural spokenlanguage compared to
speech materiagsuch as nonsense words. Due to the characterfstfondees to beompound

words, consisting of two words, eabhving ameaning the redundancy is high (Lyregaard
1998).For a compound word to bermsidered a spondee, its structure needs to be disyllabic.
Just like monosyllabic words, spondéelow a strict prosodic pattertach spondee consists

of two monosyllabic wordsBoth syllables are stressedually The advantage of spdeesn
comparison to monosyllables is that greater phonological material is offered. More
phonological characteristics can be covered with fewer spondees when used in speech

audiometry.

The spondee word listd/-1 und W2 des Central Institute for theeBf (Young et al, 1982)

have been evaluated as to their psychometric function (performance intensity function) of
correct response (in %) to stimulus intensity (in dB SPL) resulting in a stopeng 10% per

dB step between the marks of 20% and §8%iger & Kruger 1997)
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Within the Dutch, Englishand German basic versions of the AA&Tongst otherspondees

are used. The use of trisyllabic words in speech audiometry instead of spondees in languages
where no spondees exist (e.g. Mandarin) has been evaluatedenently, with the result of a
comparable function of growiiNissen et aJ 2005)legitimizing the use of trisyllables instead

of spondees to assess the SRT value. Trisyllabic words arenubedViandarin version of the

AAST.

VOCABULARY T CHOICE OF WORDS

Since the AAST has been developed for children as youtigessand foyrthe words that are

chosen foatest list, should be implemented in the receptive vocabulary of chéditbat age.

For the adaption into different languages it should be taken into account that the development
of a chil dbés voc abuinfluenges,ia simpte transiation bfevordsisoot c u | t

necessarily appropriate

Regional differences inaming a certain object can also be problematic and should be avoided.

The existing words for Acarroto in Germany
AGeRRéed or AWurzel 0. A si mi | avordspuclodsithe m e x i
Ger man wordwhlbamk has two meanings, the bank

as a place to sit down.

The aim is to ensure semantical independence within the wordrderto avoid a response
based on semantical analysis insteaduafitory analysisThis could happerf icertain words
originatefrom one lexical group (e.g. animals: dog, cat, cow, goat) and the remaining words
from another. Words from one group could be confused (e.g. dog, cat), words with no
semantical connection ol be falsely ruled out or begerceived as an irregularity, thereby
influencing the response.

PHONOLOGICAL PROPERTES

The prosodic pattern within a list of words used in a test set for speech audiometry should not
vary, the vari etnyesshéuldeweleabe epresented She foequencyeof
occurrence ofanguage specific phonemes should be considered. Comparison of the occurrence

of every single phoneme is not necessary, groups of phonemes can be compared instead,
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categorized by the ade of articulation as vowels, plosives, fricatives, nasals, laterarants,
etc.(Hall, 200Q Ashby & Maidment, 2005)

Due to the use of spondees instead of monosyllables a larger number of phanemes
represented inmAAST word set of only six. The group based phoneme balancingdes
part of the development of the AAST versions in different langu@@@sinx et al, 2007) The

equal prosodic pattern isvgn by the speech material (spondees) as mentioned above.

ILLUSTRATIONS

The chosen words should be easily illustrated. Even if the task is not to desardrae the
illustrated objects, but to identify a picture matching the prevamdstoily presated word,
the illustration should be distindilames of bjectsas test wordare therefae to be preferred

over actions, since an actioannot necessarily be illustrated in an unambiguous way.

Furthermore the chosen words should not be too specificThe Ger man wor ds
(colored pen) and ASchul buchod (school book)
in a chil doés r ec e ptheynemesentatens bf thé lexical subcategovieswofe r
the words #ASti ft @ook).psualizinglthese apedfic diffBrances oan be
chall enging. A mi smatch between the actual
interpretation of the visual stimulus (book) could lead to misunderstandings influencing the test

outcome.

Equality should not only be found in the intelligibility of the audikgrpresented stimuli, but

also in the visual representation of firesentedvords. Drawings and photographs or colored

and black and white illustrations should notdeenbined Represening five out of six words

as photographs and one as a drawing could lead a child to the conclusion that visual
categorization is the expectedtask | t coul d even influence the

Additionally, the size of the presented piasusedshould be usedppropriate The size of
each object should be comparable. If an object is presented in a context e.g. a boy playing
football as a representation of the word football or the lower part of a face to represent the word
mouth,the object of interest (football, mouth) should be emphasized depham some way,
to prevent a false association (to the boy; to the face or chin). If it is necessary to illustrate the

word in a context, the principle of distinctiveness is to be regard
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Regarding the various aspecfd@st procedures of speech audiometry in childiisoussed in

this chapterthefollowing attributes can be summarized for the AAST:

OBJECTIVITY is optimized by the choice of wordgth regard tathe vocabulary devepment
of young children excluding semantical influencetdividual language development and

cognitive development are kept to a low level.

The standardized procedwethe AAST with minimal influence of the test leader (as in false

interpretation of verbal responses) raigesobjectivity as well.

Furthermorethe influence of worsening motivation and concentration is kept at a low level due

to the seHexplanatory compten and relatively short duration of the test itself.

Due to the visual presentation of six pictures in a circle and a honeycomb like pattern, a visual
preference is kept low.

RELIABILITY is regarded by the adaptive procedure anddahdom presentatiorf test words.
A previously observed learning effect has been addressed by adding more trial runs of stimuli
that are not calculated into the actual test reJ@strest reliability has been shown in the

analysis of normative dat&oninx, 2005)

Analyses of additional testing showed thatabker e sul t can be derived f
p o i 1iCorsna, 2008)

VALIDITY wasanalyzed in gample of 8hearing impaired children ugirhearing aidsn which

it could be shown that the AAST is an adequate test to evaluate the efficacy of hearing aids.

The guessing level cannot be prevented completely due to the closed set procedure with a choice
of six options.This effect has been ddessed by adding an additional honeycomb with a
guestion mark into the center of the six picture honeycomb circle on the test screen. The test
person is encouraged to click or point at the question mark when a stimulus is not understood

correctly.

Validity is alsopreserved by the fact that the AAST word sets for each language are limited to
six words wusually within a young childbds voc
for each language specific test set. The testing of lexical developmedidition to the testing

of auditory speech recognition is kept to a minimum. To derive the &Rcognition task is
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to be expected and provided by the AAST (closed set test). Due to the response mode, the
AAST does not examine the intelligibilityoicah i | dé6s spoken | anguage ir

of auditory speech recognition.

SYNOPSYS

Addressing the qualities of a test that could be used im$egimgually comparablegableand

standardize@neasuring instrumenthe AAST

is available irseveal languagesincluding Dutch and German
offers speech material of adequate use for speech audiometry

is an adaptive procedyrenerefor time efficient and preventing a ceiling effect

1

1

1

1 can be carried ouh quiet and in noise

1 as aclosed set test it is tablefor young children

1 meets common criteria of test quality (objective, valid, reliable)

1 as part of the BELLS softwarallows to perfornother testghatare available within
the same softwardt can also be installedn laptos with only a little additional

hardware
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4.

4.1

DEVELOPMENT AND PROTO COL OF THE H EARD PROJECT

PARTICIPATING PARTNER S

A broad spectrum of institutions in Belgium, Germaauyd the Netbrlands such as schools

for the hearing impaired, clinics as well as hearing aid acoustica@lested and contributed

data for this projectChildren visiting these different institutionspresent the heterogeneous

performance spectrum. The hypesis behind this thought is the assumption that children with

more difficulties in their hearing and spoken language developimementy visit to ClI

centers and schools for special education. Children witlerf@noblems in their spoken

language development are often part of an inclusive educational setting and have clinical

appointments only for annual checkups.

Data from the followingenters was used in the presented analysis:

1
1
1
il

CIC Wilhelm Hirte, Hannover (Ccenter)

Johanned/atterSchule, Friedberg (school for the hearing impaired)

Radboud UMC, Nijmegera(idiological center and CI center

Institut fur Audiop&dagogik/ Praxis der Ohrwurm, Solingen (auditory rehabilitation
practice)

Landesfoérderzentrum Horemad Sprache, Schleswig (school and rehabilitation center
for the hearing impaired)

Centrum voor Ambulante Revalidatie Sinevenspoort, Genté€habilitation center for
the hearing impaired

Audiologisch Centrum, Eindhoven (audiological center)

Kottgen Hor&ustik, Koln (hearing aid acoustician)

Deutsche HorZentrum Hannover (DHZ) der HMOnik der MHH, Hannover (ENT

clinic)
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4.2 INCLUDED PARTICIPANTS

For an intraEuropean pool of comparable data settaininclusion criteriawere considered
for the participang children.

4.2.1 AGE

The focuswason childrenagedfour to 10. The AAST, which servesas the main test for
assessing skills of auditory speech perception used in the hEARd projesgpptivability is
suggested for children as oldl fmur years. The norm data based on the performantedifen

with normal hearinghowed a high variance in children younger than four.

Therefore, hildrenyounger than four andlder than tenvere not required to be tested.

4.2.2 HEARING LOSS

The studyfocusedon the development of auditory speech perception skills in ehildith pre

lingual binauralhearing impairment. Since thaiversalnewborn hearing screening had not
been implemented in Germargyparticipating country since the beginning of 2009, the strict
inclusion criterion was a diagnosed hearing impairmethimthe first year of lifeCases where

a hearing loss was diagnosed at a later point and early onset within the first year of life could

only be suspectedere excluded.

The possible influence of a previous normal auditory developnmehiding spoka language
acquisitionwasruled out as a factor influencing the speech perception skills within the project.

Cases of unilateral hearing losses had been excfodéus reason.

Most conductive hearing losses appeanporarily as an ear feection (Zahnert, 2011)the

effect on auditory speech perception would also have to be interpreted as tgnijuopaevent

a false evaluation of a hearing aid device (in this case hearing aids) due to a temporal conductive
hearing loss, a tyngmometric test before the actual testing for the hEARd study was suggested.
In case of an irregular finding, this was to be marked on the questionnaire/ information sheet

for each participating child.

The etiology of the hearing loss, if known as welkl@sspecificage of diagnosis was to be

marked as wellOverallal | t ypes of technically aided hea

first year of life) could be included in the testing.
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4.2.3 AIDING WITH TECHNICAL HEARING DEVICE

It was expected that theagicipating children had some experience with their recent hearing

aid device. Testing after a recent provision with a new device or immediately after a new fitting
wasto be avoided. If possihlaen opi ni on on the testhearidgahi | doé

device was to be given.
All informationregardinghe hearing aid deviceagto be documented for later analysis:

1 type of hearing aid device used in the testirigpe of hearing aid doCl
1 type of first hearing aidelicei type of hearing aid oCl
T childdés age of first fitting

The study focused on the evaluation of different types of hearing aid devices. Although bone
conducting hearing aids as wellla@neanchored hearing aids are used iridtken as well, it

was not suggested or specifically expressed to test children with conductive hearing losses.

4.2.4 COMMUNICATION MODE

To evaluate auditory speech perception skills, possible influencing factors need to be
documented to be later on analyzedsasghepossible effects of unfamiliarity with the speech
material due to limitations in the spoken language development on the semantic/ lexical level
(receptive vocabulary). Limitations in language development that probably would not originate
in audibry perception skills could be second language acquisition or a communication system

that uses no auditory access.

Therefoe, the communication mode was to be documented, in term$i@her a child was
using sign language or spoken languagdif the spoken language was the target language
spoken in the country of testingdwing to the fact that information on the familiar
communication mode used by the child most of the timasnot always available and obvious

in interadion with the test adviser, the communication mode or specific spoken language

between the child anitis/herparents was to be documented as well.

70



4. DEVELOPMENT and protocol of the hEARd project

4.2.5 ADDITIONAL HANDICAP

The definition of an additional handicap is based on the definition of a handicip, again

is defined in diverse ways, often based on the impairment experiéigih the hEARd
study an additional handicap was defined as &md of impairment or illnessbeside the
hearing losswhich coud influence the speech perception skills or the performance on the
AAST.

Examples include impaired cognitive development or attention deficit disorders that could
influencelanguage development, as well as visual or motoric impairment that coulehnioéiu

the implementation of the actual test.

In cases of an additional handicap as defined above, children were not to be excluded from the
study, since a large proportion of hearing losses occur in combination with an readditio
impairment or illnes¢Zahnert, 2011)The information on a diagnosed oispected additional
handicap (aslefined above) was to be documented in the questionnaire.

4.2.6 EDUCATIONAL SETTING

Children visiting schools for special education as well as children in an inclusiv@ sekting
were tobe included, to maintaiheterogeneityThis include preschoolers as well.

4.3 BELLS SOFTWARE

The BELLS softwareoffers the possibility to implement severabgestswithin one softwarg

for different levels of auditory perception

The BELLS software including theubtestsdescribed in the course of this chaptess
implemented at the institutions participating in the hEARd study. Thésapisachers,
audiologists, audiometrists or other staff members working at the above mentioned institutions
were introduced to the software (if it had not been already used) and informed of the test
protocol. A standardized manual was given to the testeles. Firsttrial runs were usually

overseen by personnel administering the hEARd project.

For each childa profile (including name and birthday)as created in the BELLS software.

Within this profile, all performed subtestacluding the questionnaingere documented
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Testing was to be carried oftnilaterallyo wi t h t he hearing aid dev
provision with ahearing aidbilateral cochlear implantatioor bimodal aidingthe evidently

better side was to be tested. Unilateral testighe contralaterabtould be carried out
additionally.

4.3.1 SPEECH RECOGNITION TIRESHOLG AAST QUIET

To coll ect data on a chi |t AAST waggebepefformedor cept i
arrive atthe 50% speech recognition threshold.

4.3.2 SNRT AAST NOISE

A speech test in noise should be performed t

the auditory perception of speech in situations of daily life GGepter2.3).

As mentioned aboyéhe basic AASTest set camlsobe used to assess {BBIR between &5

dB steady state noise and the adapted speech signal at which 50% is correctly identified.

Following the initial test in quiet, the words are already implemented and theetesy is

established, minimizing the influence of learning effects within the test set in noise.

4.3.3 SPEECH RECOGNITION INA HIGH-FREQUENCY RANGE AAST HIGH FREQUENCY

The problems and limitations of amplifying hearing aid deviceshiigh frequency rage is of
greatinterest in pediatric audiology.o counteracthe negative influence on spoken language
development caused by limited auditory perception of certain phoneme gsugbs as
fricatives, an optimized hearing aid provision shoulcineed at

To evaluatehe performance in perception of speech material containing these phoneme groups,
special AAST test sets had been developed. These sets @igaiof six words thatan be

differentiatel only in single phonemes (fricatives avaiceless plosives).

For the above mentioned reasaie secalled AAST HF (high frequency) test sets had been
implemented in the hEARd test protocol.
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4.3.4 PHONEMEDISCRIMINATION i TITATU

For an even more specific evaluation on phoneme discriminationsskile TiTaTu test
(Coninx, 2006bhas been adapted to be implemented in the BELLS software to be part of the
hEAR test protocol. In comparison to other tests focusing on the phoneme perception skills
such as monosyllabic speech tests, the TiTaTu emesonantvowel combinations that need

to be matched.

After presentation of the target stimulus (representeddyiley in the center), the matching
stimulus has to be identified from a set of four pofises (represented by four surrounding

smileys). The stimuli are presented at a fixed level of inten$iY dB.

The child can compare the target

stimulus and the four offered choices
numerous times by clickingon the
representing smileys. A ch@ds made

by matching two smileys via drag and

drop in either direction (stimulesmiley .
on choseroptionsmiley or chosen
option-smiley on stimulus smiley).

Three subtests are available anc

. . Figure 15: TiTaTu test screen
implemented in the software:

1 TiTaTu vowel se{TTT V): consonantt/ in combination with changing voweélgowels
and diphthongs for Dutch version
TiTaTu plosive se(TTT P). changing plosives in combination with vowel /a/

TiTaTu fricative se{TTT F): changing fricativegn combination with vowel /a/

The chosen phonemeéfer in German and Dutcbased on the frequency of occurrence in

each language
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4.3.5 TONAL THRESHOLDSI MFAST

The multi frequency animal sound test mFAST

was developed as a test alternative for pure tot

. T |
audiometry in children. Its adntage is the ‘f‘.'jo:/- ‘\5.‘?
. . =2 2
adaptive procedure of assessing four thresholt START
for frequency specific stimukroundthe main @ .
o

frequencies of 500 Hz, 1 kHz, 2 kHz and 4 kHz
(Offei, 2013) Furthermorethe frequencies are

visually represented pur animals. Figure 16: mFAST test scree

The frequeng specific stimuli had been manipulated to match the natural sofitidsse four
animals (see picture)the cow representing frequency range of around 500 Hz, the dog
representincga frequency range of around 1 kHz, the cat represemtifrgquency range of
around 2 kHzandthe bird representingfrequency range of around 4 kHz.

In addition to the latest available pure tone audiogram of a child includedhi&fd study,
the mFAST result could give information on tinequency speciéi auditory perception skills
This wasassessed with st specificallydeveloped fochildrenkeeping in mindheir needs
within audiological testing.

Comparable to the AAST, mFAST derives ttigesholdof eachstimulus by adaptely
increasing the intensity of a stimulus after an incorrect response and derteasntensity
after a correct response. Automaticattyesholds of the four frequendgpenéntstimuli are
assessed by offering the stimuli in changindeoy starting with the presentation of each
stimulus at a level of 65 dB three timas trial runsto avoid learning effects (s&hapter2.4).
Then those three intensity levels psemulus are factored in to the final result, at which an

incomrect answer is given.

4.3.6 QUESTIONNAIRE

Information on the above mentioned aspéCtsaptel3.2)wasto be implemented in a specially
designed digital questionnaire. This questionnaire could be filled out within the BELLS
software aspart@dp at i ent 6 s p,apihtoutwas.availdldean eeguest.

Optimally, a staff member working with the child on a regular basis should be involved in the

assessment in cooperation with the parents.

74



4. DEVELOPMENT and protocol of the hEARd project

The questionnaire wastobefileddé based on a chil dbés medi cal

information which should in any case include

current hearing aid device

information on additional handicap

information on dominant communication mode
latest unaided audiografor hearing aid sers

result of the latest open set speechaéstfixed level of aroundd®70 dB

= =4 4 -4 A -

information on the educational setting

4.4  CALIBRATION WITHIN PA RTICIPATING INSTITUT IONS

To assure a comparable test environment within all participating institutionssathe
calibration guidelinedor the test softwardad been followedWithin all institutions the
calibration had been carried out by the sataéf using the same measuring equipment.

4.5 ETHICAL APPROVAL

The hEARd project was approved by the ethical comemibf the European Commission.
Participating centers gained ethical approva

Before data assessmgeatrandomized ID number was assigned to each participating child.
Within the center, a rthesoftvadi and keatanailamedos further c u me
analysisWhile processing the collected data for evaluation within the hEARd prdfectD

numberand not the nameas exported.
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0. RESEARCH QUESTIONS AND HYPOTHESES

Following thedata assssnent thesubsequenguestions should be dessedHypotheses are

to be analyzed.

5.1 HOw DO CHILDREN AT DI FFERENT LEVELS OF HE ARING IMPAIRMENT USI NG

HEARING AIDS PERFORM IN THE ADAPTIVE AUDIT ORY SPEECH TEST?

Coninx describedn a presentation oftudy outcomes in 2@)a correlationbetween AAST
SRT values of hearing impaired children using hearing aids and their average unaided hearing
loss of 500 Hz, 1 kHzand 2 kHz (in the better eafjo use the collected daftam the hEARd
projectas a norrative collective from a recent study in a time of further develdpeknical
hearing devices, means of performances within groups of certain degrees of hearing loss should

be evaluated.

H1: Analysis of the hEARd projetatashows thaBAST SRT valuesf hearing impaired
children using hearing aids correlate toeih unaided hearing losgure tone averagef
500Hz, 1 kHzand 2 kHan one ear better SRT irsmaller HL.

5.2 ABOVE WHICH LEVEL OF HEARING LOSS DOES A Cl OFFER BETTER SPEECH
PERCEPTION IN QUIE T THAN A HEARING AID ?

Addressing the main gagon of the hEARd project, thigsearch question evolves naturally.
Within the individual subtests &fAST, data should be analyzeghardinghe different hearing
devices different levels of hearing losand their outcome®8ased on theurrentindication
criteriafor cochlear implantatio(seeChapter2.3), as in degree of hearing loss, better speech
perceptionwith a Clin comparison to cases pfofound hearing impairment/ deafnesded

with an amplifying deviceThis expectation is to be confirmed by the test results.
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In recentscientific discoursgheextension otochlear implantatioto cases of avere hearing
impairmentor evencases ofesidual hearings of keeninterest This was evediscussed at the
12" European Symposium on Pediatric Cochlear Implantation in R0d$inskiSchiedat et
al., 2015 Manrique Rodriguez, 2015likolopoulos et al 2015) Looking at these discussions,
the test results of the group of severely hearing impaired childrée inEARd study should

be analyzed as wellherefog, the followinghypothess shouldbe analyzed.

H2: Children using a cochlear implant @up ClI) achieve better results theAAST QT

in unilateral testing than children using a hearing aid with a hegioss

- higher than 80 dB(group HA V).
- between 61 dB and 80 dB (group HA llI).

5.3 Do CiS OFFER BETTER PERFORMANCE OF SPEECH PERCEPTION IN NOISE TH AN

HEARING AIDS ?

Theuseof speech audiometry in noisespecially in the pediatric fielthas been discussedl i
Chapter3.3.

With the AASTCN, the ability of speech perception in noiseaisted within the hEARd project.

Therefor, the following hypotheses should be analyzed.

H3: Children using a cochlear implant (group CI) achieve better resuliseAAST CN

in unilateral testing than children using a hearing aid with a hearing loss

- higher than 80 dB(group HA IV).
- between 61 dB and 80 dB (group HA ).
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54 ARE THERE CORRELATION S BETWEEN PTA VALUES IN THE HIGH
FREQUENCIES, AND THE AAST AND TITATU SUBTESTS USING HIGH

FREQUENCY SPEECH MAT ERIAL

The limited auditory perception of high frequency ranges has a negative influence on the
auditory perception of certain elements of speech compared to lower frequencies, such as
various groups of phonemes, includwgjceless plosives (stops) ardpeciallyfricativesas

illustratedin Figurel7.

HIGH

LOow MIDOLE
A A f \
4 V
125 25 50 10( 2000

6000

Decibels

Figure 17:"Field of speechby Ballantynel970(Lyregaard, 1997)

In the English languagdricatives and plosives are the two most frequently appearing groups
of consonantgMines et al, 1978) The differential perception gfhonemes anfificativesis of
mostimportancéana ¢ h i | d Gasquisit@mingthe &Englesh languagéhedevelopment of
grammaical structuress influenced by the auditory pmaption of fricativesThe fricativés/ is
partially responsibldor the understanding ahorphological and syntactical principle®r

examplethe conjugation of verbs or tluse of plural in nouns.
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Figure 18: Frequency depenentinfluence on speech recognition based
the ANSENorm (1969) in Kompis (2004)

Figure 18providesan overview bthe ability to hear specific frequency ranges to understand
spoken German language.stiowsthe strong influence ohigh frequenciesbove 1 kHz in

comparison to the lower frequencies below 1 kHz

Average hearing loss values as defined by the WHOtle classification of hearing
impairment, focus on thi@llowing frequencythresholds500 Hz, 1 kHz, 2 kHzand 4 kHz. In

scientific researglPTA values of 500 Hz, 1 kHand 2 kHz are often used as well. If auditory
perceptionm the higher frequency range is of importance in perceiving specific speech signals,
the above menti oned P Tahleinvaddressmgthisfawtarofinflusneee m t o
Within the hEARd test battergifferent subtests are used to obtdataon the perception of

high frequency speech materidln analyss should be conducted see whether there is a
correlation in between the specific subtesteh as the AAST HF, TiTaTu plosive or TiTaTu

fricative set and maided PTA values of the high frequencidherefoe, the following

hypotheses should be analyzed.

H4: A correlation can be found in between the results of8A8T HF, the TiTaTu P,

theTiTaTu F and the averaganaidedPTA values of

- 2 kHz and higher
- 4kHz and higher

as in; higher average PTA values resulting in poorer subtest resultae group of hearing

aid users
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5.5 |S THERE A SIGNIFICAN T DIFFERENCE BETWEEN Cl USERS ANDHA USERS IN

DISCRIMINATING AND IDENTIFYING HIGH FREQUENCY SPEECH MATERIAL ?

The possibility of amplification in high frequencies with hearing aids are lim{fBdrner &
Cummings, 1999)High amplification inhigh frequencies is often describ@suncomfotable
hearing impressions. For examplea range of the previously mentioned 2007 Phonak
Naidalll UP, a commonly used high power hearing aid for childmmesents itself with an
amplification of up to 50 dB in the area of 5 kidzear simulator measurements (citation data
sheet) Even though advantages in auditory speech perception skills by ussaytiterecover
option in children have been shoyBagatto et aJ 2008) there are limitations set by the degree
of high frequency hearing logkeifholz et al, 2013)

Cl systems allow atablestimulation within the highest frequencies due to the tonotopical order
in the cochlear. No matter how far the insertion of the electrodeé®aaraymulation in the basal
area of tle cochlear is usually possible, allowing the perception of high frequency seunds

environmental sounds as well as speech sounds.

Therefoe, one could assume that CI users profit in understanding speech compared to hearing
aid users with hearing lossesthe high frequency range. Ttodlowing hypotheses shouttius

be analyzed.

H5.1: Children using a cochlear implant (group CIl) achieve better resultshe

AAST HF in unilateral testing than children using a hearing aid with a hearing loss

- higher than 80 dB(group HA IV).
- between 61 dB and 80 dB (group HA 111).

The performanceof hearing aid users should compared to the performance of Cl users for
the TiTaTu subtests on plosives and fricatives. Theeefoe followinghypotheses should be

analyzed.

5 also shorter electrode arrays as in electric acoustical stimulaéintzet al.,(2005)
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H5.2: Children using a cochlear implant (group CIl) achieve better regultshe

TiTaTu testin unilateral testing than children using a hearing aid with a hearing loss

- higher than 80 dB (group HA 1V) in tipdosivesubtest.

- between 61 dB and 80 dB (group HA 1ll) in plesivesubtest.
- higher than 80 dB (group HA V) in ttiecative subtest.

- between 61 dB and 80 dB (group HA Ill) in fheative.

5.6 ARE THERE CORRELATION S BETWEEN WORD SCORES AND PHONEME SCORES
IN SPEECH PERCEPTION TESTS AT A FIXED LEVEL OF INTEN SITY AND AAST

WORD SCORES AND TITATU PHONEME SCORES

Open set speech audiometry testing is often carried out at a fixed level of intensity. Speech is
to be offered at levels that represent an intensity of spokendgagdn a daily context. These
levels vary around 65 dB SPL. The advantages and disadvantages of ogmeeshttesting

are discussed i@hapter 3.

Test results from the hEARd data should be correlated to the documented open set speech test
results, cdectedfrom the participating institutionsrhis will help toto see whether the AAST

as a tesaddresssthe critical factors described Chapter3 andis as sensitive to performances

of auditory speech perception in quiet as thenogpet word tests at a fixed level of intensity.

Therefor, the following hypotheses should be analyzed.

H6.1: A correlation can be foundetween the word scores of open set speech tests at a

fixed level of intensity and the results of the

- AAST QT (thebetter the AAST QT selt, the higher the word score).
- AAST HF (the better the AAST HF result, the higher the word score)

H6.2 A correlation can be found in between the phoneme scores of open set speech tests

at a fixed level of intensity and the rasuf the

- TiTaTu V (the better the TiTaTu V result, the higher the phoneme score)
- TiTaTu P (the better the TiTaTu P result, the higher the phoneme score)
- TiTaTu F (the better the TiTaTu F result, the higher the phoneme score)
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6. STUDY OUTCOMES, STATISTICAL ANALYSES

6.1 INCLUDED DATA

At the end 277 individualhEARd test results (no. of ears tested) were availablduidher
analysis. In 43 casean additional handicap that could influersigeech perception or the
performancen atest was marked as diagnosed or suspected by the test leader. In 2¢heases
communication system was marked as sign language or influenced by sign language (e.g.

communication mode used between child and parents).

Both above mentioned gups were excluded from further analys focus on the auditory
perceptionskills of spoken language, by limiting other influential factors. In the following

analysis 220ears were included.

For statistical analysishearing aid users weggouped to thie unaided average hearing loss
values derived from the frequencies of 500 HkHz, 2 kHz and 4 kHz.Table2 shows the
number of tested earsupplied with a hearing aid in groups, referring ® ¢inades of hearing
impairment by th&VHO. Following ths model, groups HA I, HA 11, HAIl, and HA IV could

be categorized as groups of mild, moderate, segaceprofound hearing impairment.

Group PTA HI N
HA <25 dB HL 2
HA 251 40 dB HL mild 21

HAIl | 41760 dB HL moderate 58
_ 611 80 dB HL severe 21
HA IV >80 dB HL profound 11

X 113

_ profound Hl/deafness 107

X 220

Table2: HEARING DEVICE GROUPSnumber of tested ears with a hearing aid in groups as to their unaided PTA and
number of tested ears with a ClI

Further analysis excluded two casesiiadided hearing losses below the 25 dB PTA value.
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The IBM softwareSPSS 23 was uséd performthe statistical data analysis.

Looking at the results of the hEARd subtests within the formed groups, the Kolmogorov
Smirnov test and L aevdatavasdct notmally distriuted ane that theh a t

groupsformed abovénad heterogeneous variances.

Therefoe, nonparametric tests were used for further analyses.

6.2 COMPARABILITY OF THE TEST RESULTS’

First, the analysis focused on the comparability o€ ttest results per center. Due to the
comparable test development thiferent languages and the mentioned calibration procedures
within participating centerso significant differencelased on these factasereexpected in

between the performargper center or language.

6.2.1 CENTERS

TheKruskal Wallis test was used to test for differences in between the groups/centers for each
subtest.

Performances in the tests AASIT, AASTCN, TTTF, mFAST cow, mFAST dog, mFAS3at
differed significantly in betveen certain centers. However, looking at the nresnlts per
subtest, no center shedan overall better or poorer performancedthisubtests in comparison

to another center.

The major differences between centers can be explained by tpected difference in

performance due to the type of institution (comp@hapterd.1).

Looking at the different groups of hearing aid users as to their degree of hearing impairment,
as well as the CI useisdividually, the comparisons in between the centers yigdifflerent
results Again the KruskalWallis test was performed. Comparison of the means of each of the

five hearing device groups in between the centers shows that the means within all fagr hear

”In the following AAST results refer to SRT values in dB SPL for AAST QT and AAST HF;
to SNR values in dB SPL for AAST CN
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6. STUDY outcomes, statistical analyses

aid groups are comparable within the centassare the performances@fusersOnly for the

TTT F subtest a significant difference in between centuilde foundwithin the CI group

Since this is the only effect that has béawmnd in between centers, it is unlikely that there is

an overall difference in between centers based on calibration differences.

6.2.2 LANGUAGES
While comparng performancess per languagean analysis with theMan WhitneyU test
shows a significandifference (p=M31) for the AAST in quiet. The same test material is used

in the AAST in noise, where the difference was of no significance.

Looking at the different groups of hearing aid users as to their degree of hearing impairment,
as well as the Qusersindividually, the comparisain between the languaggeeld different

results Again the Man WhitneyU test was performed. Comparison of the means of each of
the five hearing device groups in between the languages shows that the iti@arikegroups

HA I, HA Il , and HA IV are comparable in between languages.

The performance of group HA Il shows a significant difference in between languages for
subtest AAST CN (p=045) and also for subtest AAST HF (p882). Better results were
adhieved in the German subtests. As mentioned above, the AAST QT uses the same speech
material as the AAST CN, but no significant difference can be found in between languages
within group HAII, suggesting that this difference is not based on a differeet déwifficulty

in the speech material for each language.

The performance of group Cl shows a significant difference in between languages for subtest
AAST QT (p=0Q007). Again this difference does not sedmoriginateat a different level of

difficulty of the wad set, since in this case better results were achieved in the Dutch subtest.
The performance o€l users however showsasignificant difference (p=003).

Since significantifferenceshave not been found in a syst&io way in between languages, it
is unlikely that there is an overall difference in between results based on incomparable speech

test material.
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6.3 EHL SCALESDERIVED FROM AAST RESULTS

The following results have been achieved amaverage within the grogpdescribed in
Chapter6.1. Most test results are available within the grou@lafsers. Looking at the groups
of hearing aid users, most results are available for group HA II. &fsly results are available
for group HA IV, whichcan be explained by fewer children being aided with an amplifying

hearing devicebut instead already havingCa.

Hearing device groups AASTUT | AASTCN | AASTHF
HA | Mean 27 581 -10,976 37,756
M 21 21 16
Std. Deviation 56852 31084 | 10,7531
HA I Mean 32124 -8.591 41,702
[+l 53 a7 45
Std. Deviation 88072 4 5364 | 11,3654
HA I Mean 42830 -5815 53,440
M 20 20 10
Std. Deviation 9, 259649 6,4385 | 157064
HA IV Mean 45 991 -6,580 55114
M 11 10 7
Std. Deviation | 14,1351 TIT23 (171917
Cl Mean 33608 -7.808 41 3449
M 107 107 106
Std. Deviation 58039 37018 | 11,7554
Total Mean 341086 -8,398 42304
M 217 214 184
Std. Deviation 8,8003 46073 | 12,5354

Table3: Results on AAST subtests for groups of hearing devices

For the AAST QTthis group also shows a rather high standard deviation.

While comparing the three AAST subtests, #R&ST HF results shoed a high standard
deviation for all groups of hearing devices, which can be explained by the speech material,
which differs from the subtest in quiet and in nqseeTable3).
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6.3.1 AAST INQUIET

Performance on AAST in quiet

&0

50 66 ®

407 =) l
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AAST in quiet SRT in dB
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T T T
HAI HAT HA I HAIV CI
hearing device groups

Figure 19: Comparison of SRT results of hearing aid groups and Qigfor the AAST in quiet

In Figurel9, the performance dahe hearing aid groups |, II, 1ll, INand CI group for th&AST
in quietis shown. In this distributigrihe CI group and hearing aid groupmdderatehearing
impairment) appear to perform alike, whereas hearing aid group Illl and IV (severe and profound

hearing impairment) seem to perform poorer.

The Kruskal Wallis tesshowed significandifferences in between theeans achieved in the
groupsof hearing aid users and Cl usdos the AAST QT (p<0.001) To compare the
differences between a pair of graufp look for significance, the Man Whitn&y test was
performed, with the critical value of 0.5 being adapted by using the Bonferroni Correction, as
two comparisos were performed. Aalyses showthat the Cl group performed significantly
betternot only tranthe hearing aid groupv (HL >80 dB) with a critical value of p=0.0Qbut

also significantly better than hearing aid group Il (HL 80 dB) with a critical value of
p<0.001
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6.3.2 AAST IN NOISE

Results of theAAST in noise shown inFigure 20 presentthe SNR values reached by each
group. Looking at the graph it appears that the Cl group does not pedttenthan hearing
aid group IVor hearing aid group l&nd not quite as good as hearing aid group Il

Performance on AAST in noise

187
2270
o
192
a3
Ly L
-104 H ' l

38

AAST in noise SNR in dB

T T T T
HAT HATT HATT HATV CI

hearing device groups

Figure 20: Comparison of BR results of hearing aid groups and CI group for the AASToise

The Kruskal Wallis test showed sigidint differences in between the means achieved in the
groups of hearing aid users and CI users for the AAST CN (p=0.0@lkompare the
differences betweetine CI group ana specific hearing aid group look for significance, the
Man WhitneyU test wagperformed, with the critical value of 0.5 being adapted by using the
Bonferroni Correction, afireecomparisons were performed. Analyses show that the CI group
in fact, did not perfornmsignificantly better than heariragd grouplV (HL >80 dB) orhearing

aid group Il (HL61i 80dB). However hearing aid group Il (HL % 60 dB)did not perform

better than the group of Cl users either.
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6.3.3 AAST IN HIGH FREQUENCIES

Performance on AAST high frequency set
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hearing device groups

Figure 21: Comparison of SRT results of hearing aid groups and CI group for the higBTrequency set

Looking atFigure21, showing the SRT values derived from %&ST high frequencyest set,
also presented in quiet, the ClI graagminseems to perform better than hearing aid groups |
and IV.

The Kruskal Wallis test showed significant differences in between the means achieved in the
groups of hearing aid users and CI users for the&sRAQT (p=0.015).To compare the
differences between a pair of groups to look for significance, the Man WHitrtegt was
performed, with the critical value of 0.5 being adapted by using the Bonferroni Correction, as
two comparisons were performed. Analyshow that the Cl group performed significantly
better not only than hearing aid grod(HL >80 dB) with a critical value of p=0.025, but also
significantly better than hearing aid group Il (HLi®0 dB) with a critical value of p=0.015.
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6.4 PHONEME DISCRIMINATION MEASUR EDWITH TITATU

Comparingthe TiTaTu values for the above mentioned groups of hearing aid users and the
group of Cl users, the number of executed tests per group show a strong (seaieable 4).

For this reasarthe hearing aid users have been grouped unaided hearing losses (average
500 Hz, 1 kHz, 2 kHz, 4 kHz) of2260 dB and hearing losses greater thamBdor further

analyses
Grou N N N
P TITV TITP TITF
25140 dBHL 7 7 6

411 60 dBHL 20 19

_--
Nl ~  >s0dBHL 5 5

profound Hiideafnes 81 71
118 106 107

Table4: No. of tested ears with hearing aid in groups as to their unaided PTA and no. of tested ears with Clurstibtasts
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6.4.1 TITATU SUBTESTS ON PLOSIES AND FRICATIVES

TTT high frequency specific (all ages)

WTITE
OTTTF

100+

90+

80+

70+

Average percentage achieved

60—

50

T
HA 25-60 dBHL HA =60 dB HL

combined groups

Figure 22 Results on TTP and TTTF for combined groups of hearing aid users and Cl users

Comparisos of the means achieved in the TiTaTu plosive and TiTaTu fricative subtests by the
two groups otchildrenoneusing hearing aidsand theothergroup Cls showed no significant

differencen performing the Kruskalallis test

The resultdllustratedin Figure 22 show no specific trenddowever, the Cl users appear to

perform poorly, especially in the discrimination of plosives, conparether groups.

One factor that could be influencinthe discriminationability betweenthe two groups of
phonemesis apossible delay in phonological development of hearing impaired chi{drah
et al, 2014) This factorwas addressed in an age dependealysis Resultswere compared

and analyzed for childreof six years and oldéseeTableb).
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NTTTP NTTTF
age >=6 age <6 age >=6 age <6
19 19

14 5 15

4

Table5: Age dependentumber of children that performed TTT highduency specific

lllustration of the agedepen@nt modified TiTaTu resultsshow similar performances for all
three groups in the discriminatiom the TiTaTuylosive subtes{seeFigure23).

TTT high frequency specific (older children)

BTTTP
ETTTF

100+

90—

804

70+

Avergae percentage achived

a0

0=
HA:25-60dBE H. HA: =60 dB HL

combined groups

Figure 23: Results on TTT Bnd TTTF for combined groups of hearing aid users and Cl uséthe age of 6 and older

Results of the TiTaTu fricative subtest inalie that cochlear implanted children of six years
and olderindicatea better competence of discriminating fricatives than children with hearing
losses greater than 60 dB at the age of sixaode(seeFigure23).

8 Birthday not available for all cases mentiomed able5
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The difference in betweerthe combinedearingdevicegroups (of children of six years and
older)in performancesnalyzed with the KruskalVallis testarenot of significancefor either
subtest (TTT P, TTT F)

The performance of the younger group of children was analyzed aduteticluded onlyhe
group ofchildren with hearing losses betweénahd 60 dB and the group of children with ClI
All children performing the TiTaTu subtestgath a hearing loss greater than 60 dB were older
than five years

The performance®f hearing aid users $260 dB HL) and CI users under the age ofwas
not of significant difference for the TTT, But shoveda strongvariancg(p=0.069) for the TTT
F (analyzed with the Man Whiey U test) Here, those wh hearing aids fared better th@h

users

Comparison of the performances of children younger than six yseesigure 24) and the
older group(seeFigure 23) of the same degree of hearing fossaring devicesuggestsan

improvingdevelopmenin the discrimination abilities in both analyzed TiTaTu subteEst£l

TTT high frequency specific (younger children)

WTITP
ETTTF

100+

90+

304

704

Average percentage achieved

60+

50

T
HA: 25-60 dB HL

combined groups

Figure 24: Results on TTT Bnd TTTF for combined grops of hearing aid users and Cl usgrmunger tharsix years of ag
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users The differencenalyzed with the Man WhieyU testin between the two age groups of
Cl users is of significanogith p=0.034 in the TTT P results ape: 0.031 in the TTT F results.

The difference of performances between the younger and older group of children with hearing
losses between 25 and 60 @alyzed with the Man WimeyU test)is of no significance.

6.4.2 TITATU SUBTEST ON VOWELS
Results of heanig aid users and Cl users on the TiTaTu vowel subtest beecombinednto

thegroups defined ithe beginning oChapter6.4.

Analyses have been performed using the Krugkallis test withno significant difference in

between the formed groups.

TiTaTu vowel results (compared age groups)

- TTTV
100 ]]]]yomlger children
TTTV
jolder cluldren
=
£ o0
&
=
=
=
o0
S0 80
E‘ 79
= 76
=
@
= 707
@
=]
=~
e
@
-
*® 60
50 T
HA 25-60 dBHL HA: =60 dB HL CI

combined groups

Figure 25: Results on TTT ¥6r combined groupsfdearing aid users and ClI users categorized by i

Further analyses have been performed to look for differences between younger and older
children as defined i€hapter6.4.1 using the Man Whitey U test For the above mentioned
groups related to degree of hearing loss and ClI, there is nacaghége related improvement

in performance on the TiTaTu vowel subtest (Begure 25). Also, there is no significant
difference in between the hearing device groups for children younger than six years or in

between the hearing device groups fatdrkn of six years andbove

93



6. STUDY outcomes, statistical analyses

6.4.3 TITATU OVERVIEW

Comparing performances on all three TiTaTu subtests regarditgdlggoups ofhearing aid
users as t o hedrimgiloss arthe group o0 wsergihe discrimination of
vowels seems to be gast, followed by the discrimination of plosives and last fricat{ses
Figure26).

TiTaTu results (all ages)

TTTV
WTITE
ETITF

1004

90+

a0

70

average percentage achieved

a0+

50

Ha: 25-60 dBHL HA: =60 dB HL

combined groups

Figure 26: Results on TTT subtests combined groupsfdearing aid users and Cl ess
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6.5 WORD SCORES AND PHONBEME SCORES IN SPEECHTESTS AT A FIXED LEV EL OF

INTENSITY VS. AAST AND TITATURESULTS

Correlations between the mentioned subtests iedudthe BELLS used in the hEARd project
and documented datd speech tests at a fixed level of intensity have been evaluated. As the
data is not normally distributed, nonparametric correlation analysis has been carried out using

Spearman correlation.

6.5.1 CORRELATION TOAAST

Spearman correlation showed a significant relation between the perfosirati@AAST QT
and the achieved word sceren speech testata fixed level of intensity with r<= -.448. The
correlation is significant at the 0.01 levelt¢iled).

No significant relation was found in between the AAST QT results and the phoneme scores of

speech testat a fixed level of intensity.

A significant relation was found in between 5h&ST CN results and the word scores of speech
tests at a fixedelvel of intensity, withg=-.383. The correlation is significant at the 0.01 level
(1-tailed).

No significant relation was found in between the AAST CN results and the phoneme scores of

speech tests at a fixed level of intensity.

A significant relation wa found in between th®AST HF results and the word scores of speech
tests at a fixed level of intensity, witker-.327. The correlation is significant at the 0.01 level
(1-tailed).

No significant relation was found in between the AAST HF results anphitveeme scores of
speech tests at a fixed level of intensity.

6.5.2 CORRELATION TOTITATU

Spearman correlation showed a significant relation between the performane&TT V and
the achieved wordcores of speech tests at a fixed level of intensiith rs= -.448. The
correlation is significanat the 0.03evel (I-tailed).

No significant relation was found in between TET P results and thevord scores of speech

tests at a fixed level of intensity.
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No significant relation was found between th TT F results and thevord scores of speech

tests at a fixed level of intensity.

No significant relation was found in between any set of TTT results and phoneme scores of
speech tests at a fixed level of intensity. Howgther number of data sets availabaslimited

to 20.
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6.6 MFAST RESULTS

In the hEARd projecthe mFAST results were used as information on the gain retuloedh
the use of &earing aid irfour main frequency bands (500 Hz, 1 kHz, 2 kHz, 4 kHz).

Due to the small number aivailablemFAST results in the groups HA | (n=9), HA Il (n58)
and HA IV (n=6), the groupsf hearing aid usensere combined as describedGhapter6.4

to groups othearing losses of®260 dB and hearing losses greater than 60 dB

Sample sizes of theombined HA groups as well as the CI grpthgeir results on the mFAST

stimuli and the corresponding unaided PTA valesdocumented ihable®6.

Groups 500Hz COW 1kHz DOG 2kHz CAT 4kHz BIRD N |
37 24 45 30 |

9 12

Table6: Average results of combined HA groups and CI groups on mFASRtiorelo the average frequency related unaided

PTA scores

The illustrated mFAST results of the combined groups of hearing aid users and the group of ClI
users (se&igure27) indicatethat the CI users perford equally on the ideniitation of all

four frequency corresponding animal sounds.Hearing aid usershe identification threshold

seems to increase in higher frequency ranges. This effect seems to be greater for the group of

hearing aid users with hearing losses aboveB56iL.
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mFAST results for combined HL groups
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Figure 27: Performance of combined HL groups on mFAST
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6.7 SENSITIVITY TO HIGH F REQUENCY PERCEPTION

Table7: Results otorrelation analyses for high frequency spedifibtests for hearing aid us:
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